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ABSTRACT 
Ultrasonic Lamb waves are the elastic waves in plate-like structures, which have 
been acknowledged as an effective tool for damage detection and identification. 
Ultrasonic Lamb wave-based Structural Health Monitoring (SHM) and off-line 
Non-Destructive Evaluation (NDE) techniques have been employed for damage 
prognosis of various structures including ground vehicles, ship and aerospace 
structures, bridges, pipelines and offshore platforms. They not only provide 
real-time or on-demand information about the condition of the monitored or 
evaluated structures, the output can be used to locate damage and evaluate the 
severity of the damage. The current research is a part of an ongoing 
multidisciplinary effort to develop Ultrasonic Lamb wave-based SHM and off-line 
NDE systems for engineering structures. 
This dissertation firstly constructs a pseudospectral Mindlin plate element to 
perform wave propagation analyses of plate-like structures. Chebyshev 
polynomials are used as base interpolation functions and 
Chebyshev-Gauss-Lobatto points are used as grid points of the new Mindlin plate 
element. Furthermore, an untraditional numerical integration scheme, i.e., 
Chebyshev points quadrature (CPQ), is suggested by us to form the elemental 
mass matrix and stiffness matrix. The efficiency and high accuracy of the present 
pseudospectral Mindlin plate element are proven by solving wave propagation 
problems of one dimension (1D) and two dimensions (2D) and comparing its 
results with the results obtained by ABAQUS and experiments. 
Secondly, the physical mechanisms behind wave propagation and wave 
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interaction with damage are studied by using the pseudospectral Mindlin plate 
element to make the interpretation of damage detection or damage evaluation 
results more easily. Aluminum plates with a through-thickness elliptically-shaped 
damage are used to investigate the influence of Lamb wave dispersion, the shape 
of damage, the excitation frequency in wave signals and the incident angle of the 
Lamb wave on the relative reflection intensity (RRI). The obtained numerical 
results show that the dispersion of the Lamb wave has no obvious effect on the 
RRI, whereas the other parameters mentioned above have remarkable influences 
on the RRI from elliptically-shaped damages. The results obtained can be helpful 
for understanding the complex interactions between Lamb waves and various 
areas of damage, for designing actuator/sensor placements and input wave signals, 
and for improving the reliability of methods of damage identification based on the 
analysis of signals reflected wave from damage. 
Thirdly, inspired by the results of the influence of the shape of damage and 
the incident angle of the Lamb wave on RRI, for off-line NDE, a new wave 
energy flow (WEF) map concept is proposed and multiple lead zirconate titanate 
(PZT) sensors instead of a single acoustic emission (AE) sensor used in a 
conventional technique mentioned below are employed to improve the 
visualization technique using ultrasonic Lamb wave propagation proposed by 
Takatsubo et al.. The improved structural damage imaging approach can not only 
locate damage but also evaluate the shape and size of damage. Various damages in 
aluminum and carbon fiber reinforced plastic laminated plates are experimentally 
and numerically evaluated to validate the improved approach. The results show 
that it can effectively evaluate the shape and size of damage from wave field 
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variations around the damage in the WEF map. 
Finally, for SHM, the present study focuses on monitoring local plasticity for 
the prediction of defect emergence in advance. A real-time monitoring technique 
for local plasticity using Lamb waves is developed. Tensile test of a thin 
aluminum plate with a circular hole is conducted to verify the effectiveness of the 
proposed technique. In this test, high stress concentration is induced around the 
hole, which led to local plasticity. During the tensile test, a series of wave signals 
passing through the local plastic region are collected using a directional 
actuator/sensor set to monitor the evolution of plasticity. Pulse compression 
technique is used to process the wave signals. With the increase of the tensile 
stress in the specimen, the changes of wave amplitudes of S0 and A0 modes are 
obtained, and the difference of Lamb wave signals is further evaluated using a 
proposed signal index 𝐼  calculated by wavelet analysis. Combined with the 
numerical stress analysis of the tensile specimen, the influence of the plasticity on 
the amplitudes of S0 and A0 wave modes is analyzed. As the plastic zone grows 
gradually, the wave amplitudes and I of S0 and A0 wave modes show their 
different change tendencies compared with those in elastic stage. The amplitude 
change is more sensitive to the mild plasticity than the change of I, while the 
change of I caused by the severe plasticity is more obvious than the amplitude 
change. 
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1.1 Background 
In recent years, with the developments in aerospace, civil and mechanical 
engineering, the significance of damage prognosis system in various structures, 
such as commercial aircrafts, civil infrastructures and manufacturing equipment, 
has increased dramatically. It is envisioned that a damage prognosis system could 
evaluate the current state of a structure, apprise the user of any incipient damage 
information in real-time or off-line and then predict the remaining useful life of 
the structure through simulations and past experiences. Such a damage prognosis 
system is very important for the modern society of human being. Taking the 
commercial aircrafts for example, there is a trend that various composite materials 
are more and more popular to the components of the airplanes. For instance, 
composite materials already make up 50 percent of the primary structure of the 
Boeing 787, including the fuselage and wing. The higher stiffness-to-mass ratio of 
the composite materials compared to conventional metals is the primary 
advantage, which would lead to higher efficiency of fuel consumption and lower 
operational cost for aerospace vehicles. Moreover, composite materials are able to 
resist corrosion more effectively and can be tailored in stiffness and strength in 
some specific directions associated with the situation of bearing loads. However, 
composite materials are more brittle than wrought metals and thus are more easily 
damaged by impact events. The impact damage always appears in the form of 
delamination, cracks or fiber breakage, which could remarkably reduce the 
strength of the materials and potentially lead to structural failure. The damage 
prognosis system could improve the confidence in the use of the composite 
structures by monitoring the state of the structure and informing any unexpected 
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impact events to operators. For civil infrastructures, there is also a need for 
damage prognosis of structures, such as bridges and high-rise buildings which are 
subjected to earthquakes or strong wind loads. The prognosis would estimate the 
condition of the civil structures and then confidently predict the response of the 
structures to future loading such as the inevitable aftershocks. A successful 
assessment and repairing projects could minimize the losses of the society. Hence, 
it is worth to put great effort into damage prognosis system to ensure the structural 
safety and economic benefits. 
    Non-destructive evaluation (NDE) and structural health monitoring (SHM) 
are two very important elements of the damage prognosis system. NDE is aimed 
to evaluate the properties of a material, structure or system without causing 
damage. The history of NDE can be traced back to the 1920s. At that time the 
magnetic particle tests (MT) and X-radiography (RT) began to be used in the 
medical field. From the late 1950s, NDE has seen exponential progress. Many 
approaches for NDE, such as infrared thermography, eddy current, ultrasonic 
C-scan, optical methods, etc., have been developed and widely used to examine 
metal materials, non-metallic materials, composite materials and their products in 
practices. However, approaches for NDE are time-consuming and labor intensive 
and the examined subjects always require structures being out of services, leading 
to a large economic loss. Regular maintenance for aircraft using NDE to ensure 
flight safety is an example which usually takes several hundred hours for 
inspection. 
Therefore, since recent 20 years, SHM has been widely developed. It 
becomes a very important element of the damage prognosis system. The goal of 
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SHM is to provide real-time or on-demand information about the condition of the 
monitored structures to detect the present of damage and obtain detailed 
information about damage. An integrated SHM should involve sensory system, 
data acquisition and transmission, data processing and data interpretation. The 
design of sensory system includes the choice of sensors and their optimal 
placement. Sensors are classified by the capability of measuring desired physical 
like displacement, velocity, acceleration, pressure, strain, temperature and so on. 
Attributes of sensors, such as size, sensitivity, physical contact and operating 
principle, can be used as the criterions for sensor selection. The main tasks of data 
processing are related to signal de-noising and compression to produce 
meaningful information. There are a lot of signal processing technologies among 
which wavelet theory, a novel signal processing technology developed in recent 
years, has exhibited the validity of bridging data processing and SHM. The core 
knowledge of SHM is the interpretation of data, i.e., damage detection algorithm, 
which is aimed to obtain the information of the change in structural properties 
(mass, stiffness, damping) through monitoring the changes in static and dynamic 
responses of the structure. There are considerable researches that have been 
conducted on developing various damage algorithms to satisfy different features 
extracted from signal data. 
Besides, SHM has the difference between active systems and passive 
systems depending on whether or not they involve the use of actuators. Passive 
systems make use of transducers that are only intended to “listen” the response of 
the structure. Acoustic emission (AE) and strain/loads monitoring are the most 
well-known examples of passive systems. For an AE-based SHM system, a 
 
 
Chapter 1 
 
5 
 
considerable number of sensors are distributed and attached on the surface of a 
structure or embedded in a structure to actively sense its response at discrete time 
intervals. It is usual to use the acoustic energy emitted by the creation or growth 
of a crack to determine its presence and location. For strain/load monitoring SHM 
system, strain gages are used to make sure that the applied loads would not exceed 
the predetermined critical load. However, both the above two kinds of SHM 
systems suffer from the drawback of requiring high sensor densities on the 
structure. Moreover, passive systems probably become invalid until an 
undesirable threshold or damage extent has been reached. Active systems are 
another alternative for SHM to make up the deficiency of the passive systems. In 
the active systems, a structure can be inspected at any time and position required 
by using actuators to excite the structure in a prescribed manner which can be 
repeated to ensure the reliability of inspection results. Among numerous schemes 
for the active systems, Ultrasonic Lamb waves-based SHM system is an attractive 
option since it can offer an effective method to evaluate the position, type and 
severity of damage. 
In addition, it is well-known that ultrasonic Lamb waves are also widely used 
in NDE. Therefore, ultrasonic Lamb wave and the approaches used in SHM and 
NDE will be introduced in the following sections. 
1.2 Ultrasonic Lamb waves 
Ultrasonic Lamb waves are waves of plane strain that occur in a free plate. The 
only condition for these waves is that the associated traction force must vanish on 
the upper and lower surface of the plate. The wave theory shows two basic 
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vibration modes of motion with respect to the wave type generated in the material. 
This is illustrated graphically in Figure 1.1. In longitudinal waves (P), particles of 
the medium move in a direction parallel to the energy transport (or the wave 
velocity vector). In transverse or shear waves (S), particles of the medium move 
in a direction perpendicular to energy transport. When the transverse waves are 
described in the direction parallel to the plate, they form shear horizontal (SH) 
waves. In contrast, when the transverse waves are described in the direction 
perpendicular to the plate, they form shear vertical (SV) waves. Ultrasonic Lamb 
waves arise from a coupling between shear and longitudinal waves reflected 
between the top and bottom surfaces of a plate. 
 
 
Figure 1.1 Graphical illustration of basic ultrasonic wave modes 
 
1.2.1 Multimode of Lamb waves 
Different wave modes can occur in a plate as the angle of wave incidence and the 
wave frequency are varied. The variety of modes can be classified as either 
antisymmetric, where the whole plate moves in a flexural motion, or symmetric, 
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where the center or neutral plane of the plate is stationary. Figure 1.2 shows the 
shapes of two types of Lamb wave modes. Each of these classes contains a series 
of zero and higher order modes. These are denoted by: A0, A1, A2, etc. for 
antisymmetric modes and S0, S1, S2 etc. for symmetric modes. In general, Lamb 
wave propagation is in directions parallel to the plate faces and is dispersive, i.e., 
the phase and group velocities are frequency dependent. The two zero-order 
modes, denoted by A0 and S0, can exist at all frequencies, whereas higher-order 
modes have cut-off frequencies ( 𝑓𝑐  ) for a given sample, below which they cannot 
exist [1]. These frequencies are given by 
 𝑓𝑐 = 𝑛𝑣𝑙/4𝑏 for n = 1,  2,  3,  ...             (1.1a) 
𝑓𝑐 = 𝑛𝑣𝑡/4𝑏 for n = 2,  4,  6,  ...             (1.1b) 
𝑓𝑐 = 𝑛𝑣𝑙/4𝑏 for n = 2,  4,  6,  ...            (1.2a) 
𝑓𝑐 = 𝑛𝑣𝑡/4𝑏 for n = 1,  2,  3,  ...            (1.2b) 
where 𝑣𝑙 and 𝑣𝑡  are the longitudinal and transverse velocities, respectively. 
A characteristic of the two types of mode is that, in general, the symmetric 
modes have a large in-plane component of particle motion, whereas the 
antisymmetric modes exhibit a significant feature of out-of-plane motion. Note 
that for a given plate thickness 2b, there is a frequency limit given by 𝑓𝑐 in 
(a) Symmetric mode 
 
(b) Antisymmetric mode 
 
 
Figure 1. 2 The shapes of two types of Lamb wave modes 
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Equations (1.1) and (1.2) below which only the A0 and S0 modes exist. 
1.2.2 Dispersion of Lamb waves 
Lamb waves are a form of elastic perturbation that can propagate in a solid plate 
with free surface boundaries [2, 3]. This type of wave phenomenon was first 
described in theory by Horace Lamb in 1917, however, he never attempted to 
reproduce them [4]. The two groups of Lamb waves (symmetric and 
antisymmetric modes) satisfy the wave equation and boundary conditions for this 
problem and each can propagate independently of the other. The dispersion is a 
very significant characteristic of Lamb waves, which largely limits the application 
of Lamb waves to SHM or NDE due to varying wave speeds. To effectively apply 
Lamb waves to SHM or NDE, Lamb wave propagation must be studied in detail. 
The fundamental way to describe the propagation of a Lamb wave in a particular 
material is to employ their dispersion curves, which plot the phase and group 
velocities versus the excitation frequency. 
1.2.2.1 Rayleigh-Lamb equations 
The wave equations describing Lamb wave propagation are Rayleigh-Lamb 
equations, which are expressed as: 
Symmetric mode: 
2
0
2 2 2
0
tan 4
tan ( )
t l t
l t
k b k k k
k b k k
 

                   (1.3a) 
Antisymmetric mode: 
2 2 2
0
2
0
tan ( )
tan 4
t t
l l t
k b k k
k b k k k

                     (1.3b) 
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2 2 2
0( )l
l
k k
c

                        (1.4a) 
2 2 2
0( )t
t
k k
c

                        (1.4b) 
where 0k  is the wave number in horizontal direction parallel to the plate face; b 
is the half thickness of plate;  is the angular frequency ( 2 f  ); lv  is the 
longitudinal velocity and tv  
is the transverse velocity. 
The two transcendental equations seem simple and easy to be solved, but the 
fact is not such. Although the frequency equations had been derived since the end 
of the 19
th
 century, until to the sixties of the twentieth century, Mindlin [5] solved 
them in detail [1]. 
The set of wave equations determines the dispersion of Lamb wave, that is, 
the relation between ω and 𝑘0 is nonlinear for Lamb modes, and different Lamb 
modes have different nonlinear relations. Because the relation between ω and 𝑘0 
is not linear, the phase velocity 𝑐𝑝ℎ𝑎𝑠𝑒 = 𝜔/𝑘0 
is not a constant, but varies along 
with the variety of frequency. The group velocity 𝑐𝑔𝑟𝑜𝑢𝑝  of Lamb wave 
propagation in a plate is different from the phase velocity, which is also solved 
later. 
1.2.2.2 The analysis of Rayleigh-Lamb equations 
Dispersion curves are the fundamental way to describe the propagation of Lamb 
waves, in the following text, the derivation of these curves will be discussed in 
detail. 
The solution to the wave equation for the symmetric Lamb wave is: 
 
22
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2
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The solution to the wave equation for the antisymmetric Lamb wave is: 
2222
22
22
2
14
)12(
tan
1tan









d
d
            (1.5b) 
where the non-dimensional parameters are:  
 
2
2
2
t
l
c
c
  , 
2
2
2
t
phase
c
c
  , td k b                 (1.6) 
These velocities can be defined by Lame’s constants: 
 2 1
E
v
 

, 
  1 2 1
Ev
v v
 
 
              (1.7) 
2
tc


 , 
 2 2
lc
 


 , t
t
k
c

                (1.8) 
Substituting these equalities into the non-dimensional parameters yields: 
 
 
2 1 2
2 2 2
v
v


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
 
 
                      (1.9a) 
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                 (1.9b) 
 2 1
t
vb
d b b
c E
 
 


                 (1.9c) 
Finally, Equations (1.9) can be substituted into Equations (1.5), which can be 
solved numerically. For a given material, the Young’s modulus E , Poisson’s ratio
v , and the density   are known, and the phase velocity 𝑐𝑝ℎ𝑎𝑠𝑒 is the dependent 
variable to be solved. This independent variable is iteratively solved 
corresponding to the frequency-thickness product, where  ω is the driving 
frequency in radians/sec. An example of the phase velocity dispersion curves for 
the first two symmetric and antisymmetric Lamb wave modes using the material 
properties of aluminum shown in Table 1.1 can be seen in Figure 1.3. The other 
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useful plot is the group velocity dispersion curve, which can be easily derived 
from the phase velocity curve using the following Equations (1.10): 
 0
2
w
k wave number


                     (1.10a) 
 phasew
c
wavelength
f
                      (1.10b) 
0
0 1
phase phase
group phase
phase
phase
c c
c c k
cfk
c f

  

 

           (1.10c) 
Again, by using the material properties of aluminum, an example of group 
velocity dispersion curves and wavelength curves can be seen in Figures 1.4 and 
1.5. The equations presented here are intended for isotropic materials, however, it 
has been shown in the literature that the A0 is fairly invariant to the layup of a 
composite material, and can be closely approximated by using the bulk laminate 
properties. Finite element techniques have been used by other researchers in the 
literature to more accurately determine the wave velocities in composite materials. 
 
Table 1.1 Material properties of aluminum 
E (GPa)   3kg m  v  
68.9 2710 0.3 
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Figure 1.3 Phase velocity dispersion curves for the first two symmetric and 
antisymmetric Lamb wave modes using the material properties of aluminum 
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Figure 1.4 Group velocity dispersion curves for the first two symmetric and 
antisymmetric Lamb wave modes using the material properties of aluminum 
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Figure 1.5 Wavelength curves for the first two symmetric and antisymmetric 
Lamb wave modes using the material properties of aluminum 
1.2.3 Generation of Lamb waves 
Lamb waves can be generated and collected by many different means, such as 
ultrasonic probe [6-12], laser [13-17], piezoelectric element [18-22], interdigital 
transducer [23-25], optical fiber [26-30], etc. Among those means, laser and 
Piezoelectric lead zirconate titanate (PZT) elements are the most common choices 
in damage detection researches. 
1.2.3.1 Laser 
Laser-based Ultrasonics (LBU) is a non-contact technique that uses laser to 
generate and detect ultrasonic Lamb waves. The basic components of LBU 
include a generation laser and a detection laser. The generation laser is a short 
pulse (from tens of nanoseconds to femtoseconds) and high peak power laser 
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employed for wave generation; the excited waves usually have a broad frequency 
range with several Lamb modes, providing more opportunities to select the 
desired modes. The detection laser is usually a continuous or long pulse (typically 
of tens of microseconds) laser employed in most methods of wave detection, 
among which laser interferometer is a reputable method for its high precision. In 
addition, LBU is an exceptionally effective approach for curved surfaces or 
complicated geometry. 
1.2.3.2 PZT 
PZT elements are particularly suitable for Lame wave generation and acquisition 
because of their negligible mass/volume, excellent mechanical strength, easy 
integration, low power consumption, wide frequency responses, acoustic 
impedance and low cost. PZT elements are usually embedded in or 
surface-bonded on a structure. Because of the piezoelectric and inverse 
piezoelectric principles, when PZT is used as an actuator, applied high frequency 
voltage signal would cause waves to be excited in the structure; while used as a 
sensor, the in-plan strain over the PZT area would induces a voltage signal in the 
PZT element. There are numerous researches applied PZT to excite and collect 
Lamb waves for damage detection purpose. Lamb wave generated by PZT 
unavoidably includes multiple Lamb modes, thus signal processing techniques are 
required to deal with those complicated wave signals.  
1.3 Approaches for ultrasonic Lamb wave-based SHM and off-line 
NDE 
There are two configurations commonly used in ultrasonic Lamb wave-based 
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SHM and off-line NDE: pulse-echo and pitch-catch. In the former, a transducer is 
used as sensor as well as actuator. A narrow bandwidth pulse is applied to excite 
the structure, and echoes of the pulse coming from some internal material flaws 
are then detected. Suppose that the wave speed of the tone burst is known, and the 
wave signals from the boundaries can be removed by the filter method or 
subtracting the test signal from the baseline signal, wave signals from the internal 
material flaws are obtained if the flaws exist. Then the position of the flaws can be 
known using the wave speed and the time of flight between the incident wave and 
the wave reflected or scattered by damage. The representative approach using the 
pulse-echo configuration is phased arrays. In the second configuration, the 
actuator-sensor pairs are employed to excite the incident waves and receive the 
transmitted waves, respectively. This configuration is usually used in most 
approaches for damage detection based on ultrasonic Lamb waves, such as Lamb 
wave tomography, artificial neural networks (ANN), time reversal, and so on. 
Those approaches employ different damage features extracted from the test 
signals by a variety of signal processing techniques to classify the damage and to 
estimate its severity. In the following text, the main approaches used in ultrasonic 
Lamb wave-based SHM and off-line NDE are introduced for a review. 
1.3.1 Phase arrays 
As the name implies, phase arrays is an approach using a set of transducers, which 
are both suitable for SHM and off-line NDE. Each transducer is individually 
controlled in order to achieve the desired phased actuation. With such phased 
actuation, it is possible to promote constructive interference between the different 
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waves being generated by the several elements in the array-beam forming. 
Through the formation of a unified wave front, it is possible to increase the 
amplitude of generated, and consecutively, of reflected waves, increasing Signal 
to Noise Ratio (SNR) [31]. Although there are many types of phase arrays like 
rectangular and circular arrays, linear arrays that elements arranged on a straight 
line in one dimension are the most commonly used phased array for its simple 
configuration. Deutsch et al. [32] developed a self-focusing system which 
employs a linear phased array to generate Rayleigh and Lamb waves to locate 
damage in thin aluminum sheets with signal or multiple defects. Sundararaman et 
al. [33] presented a method for damage characterization in homogeneous and 
heterogeneous structures using beam formers produced by piezo-element linear 
phased arrays. Giurgiutiu et al. [34] put forward an “embedded ultrasonic 
structural radar” (EUSR) algorithm also using piezo-element linear phased arrays, 
which can accurately detect the broadside and the offside cracks in an aluminum 
plate specimen. Besides, the nonlinear phased arrays are also studied in some 
research works. Yu et al. [35] designed two non-uniform linear piezoelectric wafer 
active sensor (PWAS) arrays, the binomial array and the Dolph-Chebyshev array 
and experimentally verified their potential application. Marcus et al. [36] 
presented a minimum variance distortionless response (MVDR) approach for 
Lamb waves using a uniform rectangular array (URA) and a signal transmitter. 
The combination of the MVDR approach and the two-dimensional array improves 
the suppression of interfering Lamb modes. It can be seen from the past research 
work that phased arrays is a quite effective approach for damage detection. 
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1.3.2 Lamb wave tomography 
Lamb wave tomography, mainly used in off-line NDE or SHM with a large 
number of actuator/sensor sets, is an imaging approach that surrounds the target 
area using a number of transducers, and lays down the scan lines through those 
determined actuators and sensors, then examines the distribution of the physical 
properties of the structure in target area, finally constructs an easily interpretable 
quantitative map of a characteristic parameter for damage identification. Parallel 
projection, crosshole projection and fan beam projection (see Figure 1.6 [37]) are 
three major schemes applied to Lamb wave tomography. Parallel projection is the 
one that has been most early used in the research work. Hutchins et al. [38-42], 
Nagata et al. [43] and Degertekin et al. [44] adopted a standard parallel-projection 
geometry with velocity and/or attenuation of Lamb waves as input for the 
tomographic reconstructions. However, compared to the two other schemes, 
crosshole projection is a more flexible and practical scheme [37]. In the research 
work done by Mckeon and Hinders [45-49], besides the use of the parallel 
projection scheme, they also investigated the ‘crosshole’ tomographic scheme 
which is quite suitable for aircraft NDE. In addition, Hildebrand et al. [50] has 
done a preliminary pipe inspection study also using the crosshole tomographic 
scheme. The research work on fan beam projection is relatively less. Malyarenko 
and Hinders [51] compared two schemes of fan-beam and double-crosshole for 
mapping flaws in aging aircraft structures, and found the latter to be superior. It 
can be seen that Lamb wave tomography could rapidly inspect a large area but 
require a large number of sensors which may limit its applications for quick 
damage identification. 
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(a)                     (b)                      (c) 
Figure 1.6 Tomographic reconstructions of a 1 inch diameter flat-bottom-hole 30% 
thickness loss: (a) parallel-projection result; (b) fan-beam result; (c) 
double-crosshole result 
1.3.3 ANN 
Inspired by the biological nervous systems, an efficient way of solving complex 
problems is to decompose them into many simpler and related elements as 
‘neuron’ in nervous system for being able to understand them. An ANN is just 
such an approach. This approach is characterized by the two basic components, 
i.e., a set of nodes, and connection between nodes. The nodes can be thought of as 
computational units. They receive inputs and process them to obtain an output. 
The connections work as the interactions of nodes leading to a global behavior of 
the network [52]. A well-trained ANN can predict outcomes under an unknown 
stimulus according to pre-accumulated knowledge, while avoiding interrogating 
intricate constitutive relations. Various structural features, such as mode shape [53, 
54], natural frequencies [55-58], combined modal information [59], acceleration 
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spectra [60], velocity and acceleration [61], applied force [62], displacement [63, 
64], strain [65, 66], impedance [67] and so on, can be employed for network 
training [68]. Bork et al. [69, 70] developed a nondestructive technique for 
debonding in adhesively bonded joints by analyzing the transmitted ultrasonic 
Lamb wave signal with artificial neural networks. Yam et al. [71] put forward an 
integrated method for damage detection of composite using their vibration 
responses, wavelet transform and artificial neural networks. Su et al. [72, 73] also 
developed a damage identification technique for composite structures using 
ANN-interpreted Lamb wave signals. ANN is a promising solution for effective 
damage identification of some typical nonlinear inverse problems [74]. 
1.3.4 Time reversal 
Time reversal is an approach that is based on the time-invariant and spatial 
reciprocity of a wave propagating in a medium. The time invariance means that a 
system output is invariable regardless of the time when an input is applied. The 
spatial reciprocity means that the position of a wave source and receiver can be 
interchanged without altering the result. Furthermore, it can be understood as the 
invariance of the wave equations in the time and space fields. For every wave 
from a source and possibly reflected, refracted, or scattered by any propagation 
media, there exists in theory a set of waves that precisely retraces all of these 
complex paths and converges in synchrony at the original source, as if time were 
going backward [75, 76]. However, this invariance would be broken down if a 
change (damage) appears in the propagating path of the wave. Wang et al. [77] 
investigated the applicability of the time-reversal concept to guided waves in 
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plates using piezoelectric transducer network for SHM. Ing et al. [78] 
experimentally performed flaw detection in plates using laser excitation and a 
multi-element sensor array with a pulse echo time reversal technique. Park et al. 
[79] used a combination of the time reversal approach with the wavelet-based 
signal processing technique to identify damage in thin composite plates without 
need of reference signals. Xu et al. [80] proposed a theoretical model for the 
analysis of piezoelectric wafer active sensors-related Lamb wave time reversal 
based on the exact solutions of the Rayleigh-Lamb wave equations. 
1.4 Thesis objectives 
The present work aims at the following objectives: 
1) Construct a new element for simulating the propagation of ultrasonic 
Lamb waves. 
2) Study the physical mechanisms behind wave propagation and wave 
interaction with damage for the interpretation of damage detection or 
damage evaluation results in ultrasonic Lamb wave-based SHM and NDE 
approaches. 
3) Develop a structural damage imaging approach to not only locate damage 
but also evaluate its shape and size. 
4) Develop a real-time monitoring technique to detect local plasticity for 
monitoring defect emergence in advance. 
1.5 A preview of the thesis content 
The thesis is structured as follows. After the reviewing the current state of SHM 
and NDE, and the present research purpose, the following five chapters are 
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presented. 
Chapter 2 constructs a versatile pseudospectral Mindlin plate element for the 
analysis of wave propagation in complex plate-like structures. The new plate 
element is based on Chebyshev polynomials, and its efficiency and high accuracy 
are proven by solving wave propagation problems of one dimension (1D) and two 
dimensions (2D) and comparing its results with those obtained by ABAQUS and 
experiments. 
Chapter 3 uses the pseudospectral Mindlin plate element to build plate and 
PZT models to systematically investigate the influence of Lamb wave dispersion, 
the shape of damage, the excitation frequency in wave signals and the incident 
angle of the Lamb wave on the relative reflection intensity (RRI) from 
through-thickness elliptically-shaped damage in an aluminum plate. The obtained 
numerical results show that the dispersion of the Lamb wave has no obvious effect 
on the RRI, whereas the other parameters mentioned above have a remarkable 
influence on the RRI from elliptically-shaped damages. 
Chapter 4 puts forward a new wave energy flow (WEF) map concept to 
improve the visualization technique using ultrasonic Lamb wave propagation 
proposed by Takatsubo et al. [81-83]. The improved structural damage imaging 
approach can not only locate damage but also evaluate the shape and size of 
damage. In the improved approach, a simple signal processing algorithm is 
proposed to construct the WEF map when waves propagate through an inspection 
region, and multiple lead zirconate titanate (PZT) sensors are employed to 
improve inspection reliability. The effectiveness of the improved approach is 
verified using aluminum and carbon fiber reinforced plastic laminated plates with 
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various defects. 
Chapter 5 develops a real-time monitoring technique for local plasticity using 
Lamb waves. To verify the effectiveness of the proposed technique, an experiment 
methodology by performing tensile test and generation/collection of Lamb waves 
simultaneously is designed. A thin aluminum plate with a circular hole is used in 
experiment. The changes of wave amplitudes and a proposed signal index 𝐼 of S0 
and A0 modes with the increase of the tensile stress in the plate are observed to 
analyze the relationship between the changes of the above quantities and the 
evolution of the local plastic zone. 
Chapter 6 summarizes the work reported in this thesis and discusses some 
ideas and standpoints for future research. 
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2.1 Introduction 
Wave propagation phenomena in solids have received a great deal of attention due 
to their manifestation in various engineering problems, such as SHM and NDE 
[1-3]. Over the years, many analytical and numerical techniques have been 
developed for dealing with elastic wave problems. Such methods include: the 
finite difference method (FDM) [4], the conventional finite element method 
(FEM) [2, 3, 5-7], and the boundary element method (BEM) [8, 9]. These 
methods can deal with most complex situations, especially the complex geometry, 
arbitrary time history of excitation and the non-local properties. However, 
computational solvability and accuracy based on these approaches deteriorate 
dramatically, as the spatial domain becomes larger and as the time duration of the 
excitation becomes shorter. Parallel to the above general approaches, there have 
been quite remarkable progresses in exact or semi-numerical methods, such as the 
transfer function matrix method [10], dynamic stiffness matrix method [11], 
space-time FE method [12], strip element method [13], spectral FE method for 
beams [14, 15] and Levy-type plate [16] etc.. In general, these methods 
constructed in the frequency domain need much less memory storage space for 
necessary data. However, it is very difficult to use them for problems with 
complex geometries.  
Another important approach is a spectral or pseudospectral method in the 
time domain, which may be firstly proposed by Patera [17], based on trial 
functions of the Chebyshev series, for the solution of partial differential equations 
of laminar flow problems. Despite of the terminology, this method in the time 
domain is completely different from the spectral element methods [14-16] in the 
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frequency domain. An important advantage of this method is that the numerical 
errors decrease more quickly than any power of 1 𝑝⁄ , i.e., so-called ‘spectral 
convergence’, where 𝑝 is the order of the used polynomial [18]. Similar to Ritz 
method, where the global structural approximate displacement fields are assumed 
directly, it is difficult to employ the above approaches for complex structures. 
Another approach in this field is based on the variational principle to 
construct some versatile elements for Mindlin plate problems of complex 
geometries. The reported methods in this aspect have been very few, e.g., only [19, 
20] to the best knowledge of authors. The idea of this pseudospectral element 
method is very similar to that of FEM except for the specific piecewise 
interpolation functions within elements as it uses. Sridhar et al. [19] used a 
pseudospectral FEM based on Chebyshev polynomials for wave propagation 
analysis involving anisotropic materials like composites and inhomogeneous 
materials like the functionally graded materials. An implicit time integration 
scheme, i.e., the Newmark method in [19], was used to solve the system equations 
of motion. Kudela et al. [20] developed a pseudospectral Mindlin-plate finite 
element with 36 nodes defined at Gauss–Lobatto–Legendre points. They 
constructed the elemental shape functions based on Legendre polynomials and 
presented numerical results of the propagation of A0 Lamb mode in a composite 
plate. 
In this chapter, a pseudospectral Mindlin plate element was built up for 
simulating the propagation of Lamb waves. The Chebyshev polynomials are 
chosen as the elemental interpolation functions due to their strong suitability for 
wave modeling. For instance, with the Chebyshev spectral element method for 
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acoustic wave modeling of Helmholtz equation [21, 22], it has been shown that 
one only needs a low number of grid points per minimum wavelength (denoted by 
G) and the high accuracy is preserved even for very long propagation distances. In 
section 2.2, the new element was described in details, and its efficiency for 
simulating wave propagation was investigated in section 2.3. 
2.2 Description of pseudospectral Mindlin plate element 
2.2.1 Shape functions and grid points 
We describe the elemental shape functions based on Chebyshev polynomials 
corresponding to some previous studies [17, 19, 20]. The 2D shape functions 
defined in the local coordinate system of the element as shown in Figure 2.1, i.e., 
   1111ˆ    are described as follows: 
jiI                        
(2.1) 
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where N and N are the orders of Chebyshev polynomials in and  directions, 
respectively. Therefore, there are N+1 nodes in direction and N+1 nodes in 
direction, respectively. And the subscript I in Equation (2.1) representing nodal 
number is 
)1)(1(1   NNI                 (2.3) 
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Figure 2.1 A 66 spectral plate element 
Also, i, j, and 𝑐𝑖 in Equations (2.2) are described as 
Ni 0                          
(2.4a) 
Nj 0                          
(2.4b) 
2 0,   or
1 0 ori
i N N
c
i N N
 
 

 
                   
(2.4c) 
In Equations (2.2), 𝑇𝑗  are the Chebyshev polynomials of the first kind. They can 
be expressed as:  𝑇𝑗(cos 𝜃) = cos(𝑗𝜃) . Using the mapping:  𝑥 = cos 𝜃 , the 
Chebyshev polynomials can be written as: 𝑇𝑗(𝑥) = cos(𝑗 cos
−1 𝑥).  
The grid points to be used for the spectral plane element are the quadrature 
points of Chebyshev-Gauss-Lobatto quadrature, which are 


NNi
N
i
xi or  0 ,cos 
              
 (2.5) 
Taking the 66 pseudospectral plate element as an example, there are 6 
nodes both in direction and in  direction. It can be seen from Figure 2.1 that the 


  
 
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distribution of the gird points is irregular which is different from that of 
conventional FEM whose elemental nodes are uniformly spaced within elements. 
Therefore, the Cartesian coordinate of arbitrary points in elements can be 
expanded as: 
( 1)( 1)
×( 1) ( 1)
1 0 0
N N N N
I I i j i N j
I i j
x x x
   


 
  
  
   
         
(2.6a) 
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(2.6b) 
where ×( 1) ( 1)i N jx      and ×( 1) ( 1)i N jy      represent the x and y coordinates of the grid 
point numbered as ( 1) ( 1)i N j     
within the element. 
2.2.2 Theory of pseudospectral plate element and integration scheme 
In this section, we briefly introduce the theory of the present pseudospectral plane 
element, which is identical to that used in conventional FEM for Mindlin plate. In 
this research, to extend the present element into more complex cases in future, e.g., 
asymmetric stacking sequence of composite laminates, we consider five degree of 
freedoms at one node, which are 𝑢0, 𝑣0, 𝑤0, 𝜃𝑥, and 𝜃𝑦 The displacement fields 
of plate can be expressed as follows: 
  xzuzyxu  0,,                   (2.7a) 
  yzvzyxv  0,,                   (2.7b) 
  0, wyxw                       (2.7c) 
where 𝑢0, 𝑣0and 𝑤0 are the translation displacements on the neutral plane of 
plate along x, y and z directions, and x and y the rotations about the y and x axes, 
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respectively. 
By using the interpolation functions in Equation (2.1), the displacement 
components can be expressed as 

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Then, the generalized strains associated with the above displacements can be 
described as follows: 







































































































)1)(1(
1
00
0
0
0
0
0
)(














NN
I
II
y
x
xy
y
x
yz
xz
xy
y
x
xy
y
x
y
w
x
w
yx
y
x
y
u
x
v
y
v
x
u
dB
          (2.9) 
 
Chapter 2 
 
38 
 
where 00 , yx   
and 0xy  
are strains at the neutral plane, x  and y bending 
curvatures, 
xy  
twisting curvature, and xz  
and yz  
are transverse shear 
strains, respectively. 
The nodal strain-displacement matrix BI and nodal displacement vector dI 
corresponding to the node I are described as 
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The generalized force associated with the generalized strains in Equation 
(2.9) can be described as follows: 
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where 𝑁𝑥,  𝑁𝑦, 𝑁𝑥𝑦, 𝑄𝑥and 𝑄𝑦 are resultant forces of the plate, and 𝑀𝑥 ,  𝑀𝑦 
and 𝑀𝑥𝑦 
are resultant moments of plate. 
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Moreover, the generalized material matrix can be described as follows: 
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where  A ,  B  and  D  are the in-plane stiffness, coupling stiffness and 
bending stiffness matrix of plate, respectively, and  SQ  is the shear stiffness 
matrix of plate. 
From Equations (2.9) and (2.10), the elemental strain-displacement matrix 
and the elemental displacement vector can be expressed as 
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For the elemental stiffness matrix as shown in the following, 
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the elemental stiffness sub-matrix can be calculated as 
I 
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(2.15) 
where p and q are the coordinates of integration points, Wp and Wq are the 
weights, and J
e
 is the Jacobian of element, which is evaluated by using the global 
coordinates of all nodes in the element, and derivatives of 

 I
 
and 

 I . 
In this research, an uncommon integration scheme, i.e., Chebyshev points 
quadrature (CPQ), which uses the positions of the grid points as the quadrature 
points, is employed to obtain the stiffness matrix. For CPQ, its weight functions 
need to be solved since it is not routine integration scheme. This numerical 
integration method is based on interpolation, e.g., Lagrange interpolation or 
Newton’s forward interpolation etc. Here, the weight functions at the interpolation 
points can be obtained from Lagrange interpolation polynomials and described as: 
 dxxhW
b
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         (2.16) 
From the previous descriptions, e.g., Equation (2.1), we know that a=-1 and b=1, 
and ix  and jx  
are local coordinates of grid points that can be easily calculated 
from Equation (2.5). Therefore, it is easy to get the weight functions of CPQ by 
using Equation (2.16). Usually, the algebraic accuracy of this integration is only 
of the order of n-1 for n integration points, which is lower than that of Gaussian 
type integration methods, e.g., 2n-1 for Guass-Legendre quadrature, and 2n-3 for 
Gauss-Lobatto quadrature. However, it is sufficient to integrate a Chebyshev 
polynomial of the order of n-1 when n grid points (or n integration points) are 
used. 
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By using CPQ, a lumped elemental mass matrix is obtained. It is crucial to 
reduce numerical operations for being able to use the central difference method. 
Since the present element is a high-order element, It means that a larger size of the 
element can be used compared with the common finite elements, which directly 
results in a larger available time step. It is undoubted that the computational time 
will be decreased. The elemental mass matrix can be expressed as follows: 
𝐌 =
[
 
 
 
 
𝐌11 ⋯ 0    ⋯ 0
⋱ ⋮
𝐌𝐼𝐼 ⋯
⋱
⋮
0
⋮
𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐 𝐌[(𝑁𝜁+1)(𝑁𝜂+1)][(𝑁𝜁+1)(𝑁𝜂+1)]]
 
 
 
 
     (2.17) 
The sub-matrix in the above matrix can be described as 
qp
N
p
N
q
e
J
T
I
e
J
T
IIJ WWdd qp 









1
1
1
1
),(
1
1
1
1
)det(det
 
 JΔNNJΔNNM
   
(2.18) 
For five degree of freedoms, the matrix of shape function with dimension of 5×5 
can be expressed as 
 IIIIII N              (2.19) 
For the different degree of freedoms, the matrix of Δ  has the different 
components, which can be expressed as follows  






















0000
0000
0000
0000
0000
t
t
t
Δ
                 
(2.20) 
where the first three components, i.e., t, relate to three translational degree of 
freedoms, 0u , 0v  
and w , respectively, for the plate thickness of t. relates to 
the rotational degree of freedoms, i.e., x  
and y , which can be described as 
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follows by referring to the work [23] 
 )8/(,12/2 tVttMax                  (2.21) 
where V is the elemental volume. 
2.3 Effectiveness of pseudospectral Mindlin plate element 
2.3.1 A 1D wave propagation problem 
To verify the effectiveness of the present plate element for simulating the wave 
propagation in a moderately thick beam or plate, i.e., 5 mm thickness, the 
commercial ABAQUS software is employed for comparison. The waveform of 
input signal is described as follows: 
   𝑃(t) = {
0.5[1 − cos(2𝜋𝑓𝑡/𝑁)] cos(2𝜋𝑓𝑡),     𝑡 ≤ 𝑁/𝑓
0,                                                                 𝑡 > 𝑁/𝑓
         (2.22) 
where f is the central frequency in Hz and N is the number of sinusoidal cycles 
within a pulse, i.e., cycle number. In this section, N is equal to 5. As noted in [24], 
considering those practical experiences, five cycles in signal is the best choice, 
and this cycle number will be constantly used in the following contents. 
A long aluminum beam with the length of 600 mm, the thickness of 5 mm, 
and the width of 10 mm is used. The material properties of aluminum are listed in 
Table 1.1. At one end of the mid-plane of the beam, the line-distributed loads of 
total 1.0 N are applied with the form of Equation (2.22) (see Figure 2.2), and the 
other end of the beam is fixed. To avoid the influence of two free side surfaces of 
the beam, zero displacements in the width direction are applied to all nodes. The 
signal frequency is set as 50 kHz, 100 kHz and 200 kHz, respectively. In the 
computations of ABAQUS, 8-noded 3D linear brick elements are used. As shown 
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in Figure 2.2, 10 divisions are used along the thickness and the width directions, 
respectively. Along the length direction, the elemental size is 1 mm. There are at 
least over ten elements within a wavelength by noting that the shortest wavelength 
is around 10.0 mm for 200 kHz. For the present Mindlin plate element, two 
divisions are used in the width direction, and along the length direction, the 
elemental size is 5 mm. In fact, a mesh size of 2.5 mm in the length direction 
yields the same result which guarantees the convergence. The wave signals at the 
two points, located at 50 mm and 100 mm from the loading point, which are 
defined as “Point 1” and “Point 2”, respectively, are used for comparison. The 
comparisons between the two kinds of results are shown in Figure 2.3 for the 
three frequencies. It can be found that the present results agree with those of 
ABAQUS very well. In Figure 2.3(c), for 200 kHz, there are some noises after the 
first wave packet in both results of the present method and ABAQUS, which may 
be caused by the two free side surfaces in the width direction of the beam. 
2.3.2 A 2D wave propagation problem 
To further verify the proposed plate element for 2D plate problems, an aluminum 
plate of the thickness of 5 mm, which contains a hole of diameter of 2 cm, is 
employed as shown in Figure 2.4(a). A technique for visualizing ultrasound wave 
propagation in Reference [24] is adopted. As shown in Figure 2.4(a), this 
technique uses a pulsed laser as actuator that scans the test piece for ultrasound 
wave generation and a fixed acoustic emission (AE) sensor as receiver. The 
received signals of sensor are stored in a computer by way of an amplifier and a 
digital oscilloscope. Waveforms are collected at grid points within a given 
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scanning area where the pulsed laser is used to excite ultrasound waves as shown 
in Figure 2.4(a). By using the assumption of reversible wave propagation, as 
shown in Figure 2.4(b), the collected waveform data can be transformed into a set 
of data which denotes the wave propagation where the sensor works as an actuator 
and the grid points work as sensors virtually. Here, in numerical simulations, we 
use a circular piezoelectric actuator, which is attached at the position of the AE 
sensor in Figure 2.4(b) on the surface of the plate, to simulate the working 
condition of the pulsed laser. The diameter and thickness of the virtual 
piezoelectric actuator is 10 and 0.5 mm, respectively. The material properties of 
this piezoelectric actuator are shown in Table 2.1. The excitation signal of the 
pulsed laser cannot be obtained directly. Here, the response of the AE sensor, 
which is located very near a point irradiated by the pulsed laser, is used. This 
experimental signal is shown in Figure 2.5. The central frequency of this signal is 
around 170 kHz. In numerical simulations, the input voltage signal of the 
piezoelectric actuator is taken from the experimental data before 0.0001 s as 
shown in Figure 2.5. The largest element size using CPQ in this analysis is taken 
as 5 mm, which is smaller than the half wave length of S0 and A0 wave modes at 
170 kHz. Of course, near the hole, the mesh size is adjusted to be smaller. The 
experimental wave propagation visualization at t = 45 s is demonstrated in 
Figure 2.6(a), from which S0 and A0 wave modes can be identified clearly. Our 
numerical simulated results also contain S0 and A0 wave modes, which implies 
that it is suitable to employ the piezoelectric actuator attached on the surface of 
the plate to model the working condition of the pulsed laser. Both experimental 
and numerical wave scattering visualizations for A0 wave mode at t=71.35 s are  
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Figure 2.2 Mesh and loads for computation of ABAQUS 
 
 
 
 
 
 
 
 
 
 
 
 
(a)  
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(b)  
 
 
 
 
 
 
 
 
 
 
(c)  
Figure 2.3 Comparison between the present numerical method and ABAQUS: (a) 
50 kHz; (b) 100 kHz; (c) 200 kHz 
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(a) 
 
(b) 
Figure 2. 4 Visualization system of wave propagation in an aluminum plate with a 
hole of diameter of 2 cm: (a) experimental setup for wave propagation 
visualization (length unit: mm); (b) enlarged scanning area (length unit: mm) 
(50×50 grids with 2 mm step size) 
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Table 2.1 Material properties of piezoelectric actuator 
Young’s Modullus [GPa] 62 
Piezoelectric Coefficient [pC/N] 𝑑33 = 472  𝑑31 = −210  𝑑15 = 758 
 
 
 
 
Figure 2. 5 Input signal for simulating the excitation force 
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(a) 
 
 (b)                            (c) 
Figure 2. 6 Comparison of wave propagation results: (a) experimental (t = 45 s); 
(b) experimental (t = 71.35 s); (c) numerical (t = 71.35 s) 
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shown in Figures 2.6(b) and (c). From these figures, we can find that the 
numerical result agrees with the experimental one very well if we compare the 
transmitted waves and reflected waves near the hole in two figures. This 
experimental example further validates the effectiveness of the proposed 
numerical approach for 2D complex problems. Moreover, the computational cost 
using this new approach is much lower than that of traditional FEM elements. 
2.4 Conclusion 
A pseudospectral Mindlin plate element is proposed for simulating the 
propagation of ultrasonic Lamb waves. Chebyshev polynomials are used as base 
functions and Chebyshev-Gauss-Lobatto points are used as grid points of the new 
Mindlin plate element. An untraditional numerical integration scheme, i.e., 
Chebyshev points quadrature (CPQ), is suggested by us to form the elemental 
mass matrix and stiffness matrix. A lumped elemental mass matrix is generated 
due to the discrete orthogonality of Chebyshev polynomials and overlapping of 
the quadrature points with the grid points. This element possesses the high 
accuracy of spectral method and the flexibility of the conventional finite element 
method. Wave propagation problems of 1D and 2D are presented to demonstrate 
the efficiency of the present pseudospectral Mindlin plate element by comparing 
with the results of ABAQUS and experiments. 
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Chapter 3 
Study on the interaction of ultrasonic Lamb waves with 
elliptically-shaped damages in metallic plates 
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3.1 Introduction 
The interpretation of damage detection or damage evaluation results in ultrasonic 
Lamb wave-based SHM can become easier when the physical mechanisms behind 
wave propagation and wave interaction with damage are well understood. 
Therefore, as summarized in [1], a lot of research works on wave interaction with 
damage have been done for this purpose. Most studies are related to wave 
scattering problems using classical, analytical and numerical approaches. In 
metallic structures, for cracks or surface defects, some examples in 
one-dimensional problems include elastic wave interactions, with various crack 
configurations using the mass-spring lattice model approach [2], with an inclined 
crack [3] using a T-matrix and boundary element hybrid method, with various 
surface breaking defects [4] using elastodynamic hybrid boundary elements or a 
combined FE and modal expansion method [5], and with various surface cracks 
using a weakly formulated spectral method [6]. For damages in two-dimensional 
metallic plates, there have also been some examples, such as wave interaction 
with a crack in plates using the FE analysis [7-10] and the local interaction 
simulation approach [11]. Most of these studies concerned the interaction of S0 
wave mode with the crack [8-10] although both A0 and S0 modes were also 
modeled in some works, e.g., [11]. For a circular hole or a rectangular slot in 
metallic plates, there have also been a few studies [7, 10-15]. For composite beam 
or plates, some studies of Lamb wave interactions with a hole [16, 17] and 
delamination [18-21] were reported. The above studies have shown the interaction 
of Lamb waves with various damages in various materials is indeed difficult and 
needs further investigations. Moreover, all of the above studies have been limited 
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to one or two special damage cases, and there are several issues which have not 
been systematically addressed, e.g., the influences of damage geometry, wave 
incident direction, and signal parameters on the interaction phenomenon. 
In order to enhance the reliability and sensitivity of the application 
techniques used in ultrasonic Lamb wave-based SHM and NDE, compared with 
the intensity of incident wave, it is expected to collect the strongest intensity of 
reflected waves (or the weakest intensity of transmitted waves) at damage from 
sensors. In this work, we focus on the relative reflection intensity (RRI) of Lamb 
waves from an arbitrary through-thickness elliptical hole in metallic plates, which 
can be transformed into a crack-like hole or a circular hole freely. Here, RRI is 
defined as: the ratio of the intensity of the reflected wave from damage to that of 
the incident wave received by the same sensor, which is located away from the 
damage with a certain distance. The influences of the damage shape, wave 
incident angle and the signal central frequency on RRI are explored 
comprehensively. To carry out these investigations, a pseudospectral Mindlin plate 
element proposed in the chapter 2 is used. In this study, A0 Lamb wave mode is 
used although the obtained conclusions in this work are also applicable to S0 
mode. Since the Lamb waves are dispersive depending on the frequency range, it 
is important to confirm whether the dispersion of Lamb waves has the significant 
influence on RRI from damage. Hence, this problem is explored firstly in section 
3.2. In section 3.3, the effects of damage shape, incident angle and wave central 
frequency on RRI are studied in detail. The obtained results can be helpful to 
comprehensively understand the complex interactions of Lamb waves with 
various damages, and to improve the reliability and sensitivity of the techniques 
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using Lamb waves by designing suitable actuator/sensor placements and input 
wave signals. 
3.2 Influence of Lamb wave dispersion on RRI from damage 
With a dispersive frequency domain, the wave phase or group velocity of the 
Lamb wave varies as the wave frequency changes. In Figure 3.1, the group and 
phase velocities, and the wavelength of the A0 mode in an aluminum plate of 5 
mm thickness are plotted. The theoretical results are obtained from the 
Rayleigh-Lamb equation [22]. The experimental data for the group velocity from 
the reference [7] are directly adopted, and the numerical data in Figure 3.1 will be 
explained later. From Figures 3.1(a) and (b), the approximate dispersion range of 
the A0 mode in this plate is from 0 to 250 kHz. When the Lamb wave propagates 
in this region, the wave packet with highly concentrated wave energy is gradually 
broadened, and therefore the energy density per unit area becomes smaller. This 
dispersion causes the decrease of the wave amplitude during its propagation. In 
this section, before the exploration of the RRI from damage, it is necessary to 
confirm whether this RRI is affected by the dispersion of the Lamb wave since the 
sensor is distant from the damage. If the RRI received at the sensor is affected by 
dispersion due to wave propagation on the forward/backward paths between the 
sensor and the damage, it is difficult to evaluate the influence of other parameters 
on the RRI. 
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Table 3.1 Material properties of PZT and aluminum 
 Material properties 
PZT 
E11=62 GPa, E33=49 GPa, d33=472 pC/N, 
d31=-210 pC/N, =7500 kg/m
3 
Aluminum E=68.9 GPa, =0.3, =2710 kg/m3 
 
 
 
 
(a)  
 
 
 
 
Dispersion range 
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(b) 
 
(c) 
Figure 3.1 Group and phase velocities and wavelength of A0 mode for an 
aluminum plate of 5 mm thickness: (a) group velocity; (b) phase velocity; (c) 
wavelength 
Dispersion range 
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To investigate the effect of wave dispersion on the decrease of wave intensity 
during Lamb wave propagation, the computational modal without damage is 
shown in Figure 3.2. Similarly to the technique used in [23], two circular PZT 
units of the diameter of 10 mm and the thickness of 0.5 mm are attached to the top 
and bottom surfaces of a 5 mm aluminum plate as actuators and out-of-phase 
voltages (±25V) are applied to them to generate the A0 wave mode. The 
waveform of input signal is described as follows: 
𝑃(t) = {
0.5[1 − cos(2𝜋𝑓𝑡/𝑁)] cos(2𝜋𝑓𝑡),     𝑡 ≤ 𝑁/𝑓
0,                                                                 𝑡 > 𝑁/𝑓
         (3.1) 
𝑓 in Equation (3.1) ranges from 80 to 220 kHz. Similarly, two PZT sensors are 
attached to the two surfaces of the plate working as sensor 1, and so on for sensor 
2 in the same pattern. In this case, pure A0 wave data can be obtained by taking 
the signal difference of the top and bottom sensors at the same position. The 
distance between sensor 1 and sensor 2 is 200 mm. The material properties of the 
aluminum plate and PZT are listed in Table 3.1, and no physical damping is 
considered in the simulations. The material properties of PZT in Table 3.1 are the 
same as those of C-6 PZT (Fuji Ceramics Co.). This C-6 PZT unit was also used 
in the reference [7] for measuring the group velocity in Figure 3.1(a). 
The mesh for the numerical analysis is shown in Figure 3.2(b). Convergence 
of this mesh has been checked. Note that the present plate element is of 
multi-layers. In the regions of actuator and sensor, there are three layers (Figure 
3.2(b)), i.e., two actuator or sensor layers and one aluminum plate layer. Therefore, 
the actuators and sensors are considered as independent layers in the plate element, 
which have different material properties from those of the aluminum plate. The 
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stiffness and inertia contributions of the actuator and sensor units are integrated 
into the plate element. In a single layer of actuator, e.g., the upper actuator, the 
applied voltage is first transformed into the in-plane strain components in this 
layer by using the elastic constitutive matrix of the actuator. Finally, the in-plane 
stress components are used to obtain the nodal force vector of the element. The 
same procedure is performed for the other actuator layer. Since the out-of-phase 
voltages are simultaneously applied on the two actuator layers, the pure bending 
moment is consequently generated on this element. 
The typical waveforms of sensor 1 and sensor 2 (𝑁 = 5, 𝑓 = 80 kHz) 
denoted by the average strains are plotted in Figure 3.3. To evaluate the signal 
intensity, as shown in Figure 3.3, similarly to reference [7], the wavelet 
transformation operated on the original data in the time domain is employed to get 
the first peaks of the arrival wave, H1 (sensor 1) and H2 (sensor 2). Figure 3.3 
shows that the wave amplitude decreases from H1  to H2  as the wave 
propagates. Finally, H1 and H2 at different frequencies are shown in Figure 3.4. 
Both H1 and H2 decrease as the frequency increases. Moreover, the rates of 
decrease at different frequencies, i.e., H2/H1, are plotted in Figure 3.4, which 
shows that the rate of decrease is constant when the wave frequency varies from 
80 to 220 kHz. Therefore, it can be concluded that, under this special 
implemented configuration, such as the plate thickness and distance of the 
transducers, within the frequency domain from 80 to 220 kHz, the dispersion has 
no significant effect on the RRI of the wave from damage, which will be 
neglected in the following sections. 
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(a)  
 
(b)  
Figure 3.2 Computational model for investigating influence of dispersion: (a) a 
model of two sensor sets and one actuator set without damage; (b) mesh in 
numerical simulations 
350 
110 
310 
Sensor 1 
Actuator 
Sensor2 
560 
560 
Unit: mm 
      
 
Chapter 3 
 
62 
 
Moreover, we calculate the wave group speed using the model in Figure 3.2 
to verify the effectiveness of the pseudospectral Mindlin plate element. The arrival 
times of the wave at sensor 1 and sensor 2, which correspond to the maximum 
amplitudes H1 and H2 in Figure 3.3 after the wavelet transformation, are used 
to obtain the difference of arrival time. With the information on the distance 
between the two sensor sets, the group velocity can be evaluated as shown in 
Figure 3.1(a) from 50 to 200 kHz. In this figure, the present numerical model can 
yield very good results compared with the theoretical and experimental data 
although the numerical group velocity becomes slightly higher than the 
experimental and theoretical ones as the frequency increases. In Figure 3.1(b), the 
numerical phase velocities are also provided. Note that this phase velocity is 
evaluated from the eigenvalues of a characteristic equation obtained from the 
governing differential equations of flexural motion (A0 mode) based on Mindlin 
plate theory [24]. Then, the numerical wavelength in Figure 3.1(c) is directly 
obtained from this phase velocity and the frequency. Figures 3.1(b) and (c) 
demonstrate that the numerical results obtained from the Mindlin plate theory 
agree very well with the theoretical ones obtained from the Rayleigh-Lamb 
equation [22]. 
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Figure 3.3 Wave signals of two sensor sets (N=5, f= 80 kHz) 
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Figure 3.4 Numerical results about the influence of wave dispersion 
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3.3 Influences of the damage geometry, incident angle and signal 
frequency on RRI from damage 
3.3.1 Effect of damage shape 
The computational model is shown in Figure 3.5. The shape of a 
through-thickness hole in an aluminum plate of the thickness of 5 mm is elliptical, 
and the shape of the damage is changed as shown in Figure 3.6. The length of the 
long axis is fixed to be a constant of 20.0 mm and the ratio of A to B, i.e., A/B, 
varies from 0.1 to 4. Four typical frequencies, i.e., 70 kHz, 80 kHz, 100 kHz and 
120 kHz, are employed here. The actuator pair and sensor pair located on the two 
surfaces of the plate, respectively, are the same with those stated in section 3.2. 
 
 
 
Figure 3.5 Computational model for damaged case 
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Figure 3.6 Shape of an elliptical hole 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Waveform received by the sensor (N=5, f=100 kHz) 
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As an example, the lengths of the two axes, i.e., A and B, are 2 mm and 20 
mm, respectively. Figure 3.7 shows a typical waveform of 100 kHz received by 
the sensor. From this signal, we can clearly identify the incident wave and the 
reflected wave from the damage. Then their corresponding intensities, i.e., H0 and 
H1, can be obtained from wavelet transformation, and are used to calculate RRI 
(H1/H0). Moreover, the wave propagation configurations for a circular hole, i.e., 
A=B=20 mm, at the time points of 62.96 s and 83.95 s, are plotted in Figure 3.8, 
where we can clearly identify the reflected wave from the circular hole in the 
enlarged illustrations. Figure 3.9 presents the relationship between the shape of 
damage A/B and RRI from various damages. At four frequencies, there is no 
obvious difference in RRI. Moreover, by looking at Figures 3.9 and 3.6, it is 
interesting to note that RRI from a vertical crack-like elliptical hole (A/B=0.1) is 
around two times higher than that from a circular hole (A/B=1) when the length of 
the crack is equal to the diameter of the hole. To understand this result more 
clearly, as shown in Figure 3.10, we consider a crack of the length of 2R and a 
circular hole of the diameter of 2R. For the crack, assume that the wave intensity 
of incident wave at the front of crack is H0, without consideration of transmission 
effect, the reflected wave should be of the intensity H0 at the front of crack since 
the incident wave is vertical to the length direction of crack (Figure 3.10(a)). By 
assuming that the reflected wave intensity received by the distant sensor is H1, 
RRI from the crack can be approximately evaluated as 
H1
H0
|
𝑐
∝ 𝜆 × 2𝑅                                                   (3.2) 
where  is a parameter which represents the attenuation effect due to wave 
propagation on the backward path from the crack to the sensor. Note that Equation 
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(3.2) only means that 
c0H
1H
should be proportional to the crack length if the crack 
length and the wavelength (Figure 3.1(c)) are approximately of the same order. 
For instance, the crack length is within several centimeters. Moreover, the 
maximum H1/H0 should be lower than 1 by considering the attenuation no matter 
how long the crack length is. 
On the other hand, for the circular hole, as shown in Figure 3.10(b), the 
component of the reflected wave at the hole front along x-axis, which can be 
received by the sensor, is H0 cos(2𝜃). Therefore, by performing the integral 
along the arc length of the hole front, we can evaluate RRI received by the distant 
sensor as 
H1
H0
|
ℎ
∝ 𝜆 × ∫ cos(2𝜃)𝑅𝑑𝜃
𝜃+
𝜃−
                              (3.3) 
where we assume that the attenuation effect due to wave propagation is equal to 
that in the crack case (Equation (3.2)), which is valid if the distance between the 
sensor and the damage is much larger than the damage size. 
With the consideration of condition H0 cos(2𝜃) > 0 to determine the upper 
and lower limits of the integral for , i.e., + and -, the reflected intensity from 
the circular hole, which can be received by the sensor, can be evaluated as 
H1
H0
|
ℎ
∝ 𝜆 × ∫ cos(2𝜃)𝑅𝑑𝜃
+
𝜋
4
−
𝜋
4
= 𝜆 × 𝑅                           (3.4) 
By comparing Equations (3.2) and (3.4), it can be found that RRI from a 
crack of the length of 2R is just two times higher than that from a circular hole of 
a 2R diameter, which verifies the numerical results in Figure 3.9. Figure 3.9 also 
implies that a higher RRI can be generated when the direction of Lamb wave 
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propagation is perpendicular to the long or major axis direction of the elliptical 
hole by referring to Figure 3.6. 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Lamb wave propagation images at t=62.96 μs and 83.95 μs for a 
circular hole 
 
 
 
 
Enlarged image 
t=83.95s 
Enlarged image 
t=62.96s 
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Figure 3.9 Reflection intensity versus A/B 
 
 
 
 
 
 
 
 
 
(a)                            (b)  
Figure 3.10 Comparison of reflections from a crack and a circular hole: (a) a crack; 
(b) a circular hole 
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3.3.2 Effect of excitation frequency 
To investigate the effect of the excitation frequency on RRI from damage, two 
kinds of damage are chosen, which are a circular hole and a crack-like elliptical 
hole, i.e., for the hole, (A, B)=(20 mm, 20 mm) and for the crack, (A, B)=(2 mm, 
20 mm). The direction of Lamb wave propagation is perpendicular to the long 
axis of damage. The excitation frequency increases from 80 kHz to 300 kHz with 
an interval of 20 kHz. 
The obtained results are shown in Figure 3.11 for the relationship between 
the excitation frequency and RRI of the two damages. From it, we can find that 
there is a special excitation frequency which can induce the highest RRI for both 
damages. In the following, this special excitation frequency is named as the 
optimal excitation frequency (OEF). For the hole, OEF is close to 260 kHz; and 
for the crack, OEF is near 200 kHz. Moreover, the results in Figure 3.11 confirm 
that the crack is more sensitive to Lamb wave compared with a circular hole as 
discussed in section 3.3.1. 
To address the OEF clearly, the resonant frequency of PZT is obtained as [25] 
)1)(1(
1
11
1




Er sD
f
                 
(3.5)  
when the Poisson’s ratio  is taken as 0.35, the parameter 1 is taken as 2.08 [25] . 
D is the PZT diameter (10mm), and the in-plane elastic compliance Es11  and the 
mass density  can be obtained from Table 3.1 for the C-6 PZT unit [26]. The 
calculated PZT resonant frequency in the radial direction of the PZT plate from 
Equation (3.5) is 203.2 kHz, which is near the reported value of 196.0 kHz for the 
C-6 PZT unit [26]. Although this PZT resonant frequency is close to the OEF of 
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the crack, it is obviously lower than that of the hole. Therefore, although at the 
PZT resonant frequency the maximum intensity of incident wave can be induced, 
the RRI may not be the highest one since it also depends on some other 
parameters, such as damage shape, incident angle, etc. 
By using the nodal deflections of the plate, the images of Lamb wave 
propagation in the plate at two excitation frequencies are demonstrated in Figure 
3.12. One frequency is the OEF and the other one is a reference frequency for 
comparison. From Figure 3.12, we can clearly identify that at the OEF the 
reflected wave packets for the two damages are highly concentrated compared 
with those at the reference frequencies (see Figure 3.12(d)). 
By referring to Figure 3.1(c), at the OEFs for both the crack and the hole, the 
wavelengths are around 10 mm, which is a half of the hole diameter and crack 
length. Therefore, wave diffraction phenomena may be significant. However, the 
results in Figure 3.11 also imply that the RRI does not definitely increase as the 
excitation frequency increases (or wavelength decreases) regardless of the 
signal-to-noise ratio problem. Therefore, the common sense that the waves of 
smaller wavelength are more sensitive to defects may not be absolutely correct, at 
least in our defined frequency range. Similar results have also been obtained for 
the delamination in CFRP laminated beams [21], where there are multiple OEFs 
even for one delamination case, and the wavelengths of some extremely low 
OEFs are obviously larger than the delamination length. These multiple OEFs 
were found to be coincident to the natural vibration frequencies of the local 
delaminated portion [21]. Therefore, the present strongest RRI may be caused by 
the resonance phenomenon of the damaged region as explained in [21]. For the 
      
 
Chapter 3 
 
73 
 
present through-thickness areas of damage, it is difficult to build up a model to 
analyze the natural frequencies due to their strong dependence on the size of the 
selected local region containing the areas of damage. If the strongest RRI from the 
damage (Figure 3.12(d)) due to the resonance phenomenon in the local region 
containing the damage is estimated, there may be some other OEFs when the 
investigated frequency domain is enlarged. 
 
 
Figure 3.11 Influence of excitation frequency on reflection intensity 
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(c)  
 
 
(d)  
Figure 3.12 Images of Lamb wave propagation at two frequencies: (a) hole (100 
kHz, t=83.95 μs); (b) hole (260 kHz, optimal excitation frequency, t=62.96 μs); 
(c) crack (100 kHz, t=73.87 μs); (d) crack (200 kHz, optimal excitation frequency, 
t=62.96 μs) 
Crack 
Crack 
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3.3.3 Effect of incident angle of Lamb waves 
The effect of the incident angle of Lamb waves, i.e., the angle between the 
direction of Lamb wave propagation and the crack-like elliptical hole defined in 
Figure 3.13, on the RRI from the damage is investigated. The crack-like elliptical 
hole is the same as that in section 3.3.2, i.e., (A, B) = (2 mm, 20 mm). Five angles, 
i.e., θ1, θ2, θ3, θ4 and θ5, as shown in Table 3.2 are chosen in our numerical 
simulations. The excitation frequency of the incident signal varies from 60 kHz to 
240 kHz. 
 
 
 
 
 
 
 
 
Figure 3.13 Definition of incident angle of Lamb waves to a crack 
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Table 3.2 Incident angle of Lamb waves 
Angle Degree 
θ1 16.4° 
θ2 23.6° 
θ3 39.2° 
θ4 50.8° 
θ5 61.3° 
 
 
Figure 3.14 Incident angle versus reflection intensity 
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Figure 3.15 Incident angle versus reflection intensity for 2 and  3 
 
The obtained results are plotted in Figure 3.14. For θ1 andθ2, the RRI from 
the crack decreases first and then increases as the excitation frequency increases. 
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for θ1, the slope of the curve at 60 kHz is very small, and an OEF may appear 
near 50 kHz. This observation confirms our speculation in section 3.3.2 for the 
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Interestingly, at 140 kHz, the lowest RRI appears for θ2. The wave signals for θ2 
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increases, and there may be an OEF in the high-frequency region above 240 kHz. 
Therefore, it is believed that there must be at least one OEF for any incident angle. 
Moreover, as the incident angle  increases (also see Figure 3.11 for =0o), the 
highest value of the RRI decreases and the curve varies more gently. This 
suggests that as the angle increases the strongest RRI from the crack decreases 
and the RRI from the crack gradually becomes insensitive to the excitation 
frequency. 
3.4 Conclusion 
By employing the Chebyshev pseudospectral Mindlin plate element proposed in 
chapter 2, the influences of Lamb wave dispersion, excitation frequency in wave 
signals, the shape of damage, and incident angle of Lamb waves on the RRI from 
through-thickness elliptically-shaped damages in an aluminum plate are explored 
in detail. The numerical results show that the Lamb wave dispersion has no 
obvious effect on RRI. However, the damage geometry, incident angle, and signal 
frequency have very significant effects on RRI from damage. There are one or 
multiple OEFs to induce the strongest RRI from damage. This phenomenon may 
be caused by the resonance at the local damaged region. When the direction of 
Lamb wave propagation is perpendicular to the long axis direction of elliptical 
damage, a stronger RRI can be obtained compared with that of wave propagation 
direction vertical to the short axis direction of damage. Moreover, as the incident 
angle of Lamb waves increases, the highest RRI decreases and becomes more 
insensitive to the excitation frequency. 
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Chapter 4 
Development of a structural damage imaging approach 
based on a Wave Energy Flow (WEF) map 
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4.1 Introduction 
In order to improve the safety, reliability and operation life of various aged 
structures, development of powerful NDE techniques to detect possible defects is 
critical. To date, some techniques, e.g., X-ray inspection [1], infrared temperature 
measurement [2], thermography [3], eddy-current detection [4], Lamb wave 
tomography [5], ultrasonic C-scan [6], etc., have been developed. Those methods 
based on ultrasonic waves [5-8] have been attracting increasing attention and 
ultrasonic scanning [6] is one of the most commonly used techniques in practice. 
With this method, a probe scanning at the surface of a structure generates bulk 
ultrasonic waves, which then propagate along the thickness direction. Internal 
structural defects can be evaluated by analyzing the time-domain or 
frequency-domain signal characteristics of transmitted or reflected waves caused 
by the defects. However, the inspection region of this technique is relatively 
small. In addition, overlapping and interference of multiple reflected and 
diffracted waves make the estimation a technical challenge as the validation of 
inspection results may largely depend on the experience and skill of inspectors. It 
is quite possible to overlook or even misinterpret some types of defects. 
To deal with these problems, some new damage monitoring or inspection 
techniques based on Lamb waves propagating over a long distance in structural 
span directions, have been recently developed. The reliability of these approaches 
has been confirmed in the time reversal method [9-17] and probability-based 
imaging techniques [18]. The time reversal method is a powerful wave signal 
conversion technique, which is basically based on Betti’s reciprocal theorem, and 
needs comparatively complex mathematical and experimental operations. The 
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probability-based imaging approaches need base-line data of intact specimens, 
which is basically more suitable for on-line health monitoring compared to 
off-line evaluation. Based on the laser scanning method (LSM) and Betti’s 
reciprocal theorem, Takatsubo et al. [19-21] proposed a simple visualization 
technique using ultrasonic Lamb wave propagation to perform damage inspections. 
In this method, ultrasonic elastic waves are thermally excited by a pulse laser in a 
scanned inspection region, and then collected using a fixed acoustic emission 
(AE) sensor on the surface of a test body. Based on Betti’s reciprocal theorem, the 
waveform propagating from a laser irradiating point to the AE sensor can be 
directly converted into the waves originating from the sensor and then 
propagating to the laser irradiating point. Then, a series of snapshots of the wave 
propagation from the artificial wave source (the sensor position) to the scanned 
inspection region can be constructed. In this way, defects can be easily identified 
by directly observing wave scattering caused by them in the snapshots of the wave 
propagation at different time points, leading to high inspection reliability. Note 
that this method focuses on the reciprocity of space, i.e., the locations of wave 
source (actuator) and sensor can be exchanged without any influence on wave 
propagation in linear and elastic problems. This idea is different from the 
traditional time reversal method that imitates time back. Moreover, compared with 
the conventional ultrasonic scanning methods, this technique has the following 
advantages: quick inspection of a large area, no adjustment on the incident angle 
of laser irradiation due to stable ultrasonic waves excited by thermal expansion, 
no need to move sensor, far field operation, simple signal processing, etc.. 
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Unfortunately, although the damage location can be easily identified with this 
method, often with high accuracy, damage shape and size cannot be evaluated. 
In this chapter, inspired by the results obtained in chapter 3, the imaging 
technique proposed by Takatsubo et al. [19-21] was improved to be able to 
evaluate the shape and size of damage areas. Figures 3.6 and 3.9 present that RRI 
from a vertical crack-like elliptical hole (A/B=0.1) is around two times higher than 
that from a circular hole (A/B=1) even though the length of the crack is equal to the 
diameter of the hole. It means that reflection or transmission at damage includes 
some information relating to the shape of damage. Thus, a new wave energy flow 
(WEF) map concept was proposed. Furthermore, Figures 3.14 and 3.15 show that 
the intensity of reflected wave from damage is strongly dependent on the incident 
angle even at the same excitation frequency. Thus, multiple cheap lead zirconate 
titanate (PZT) sensors instead of a single AE sensor were employed to avoid 
missing damage with any shape or angle. To validate the improved technique 
including a new signal processing algorithm, an elliptical through hole or a 
non-penetrating slit in aluminum plates and invisible internal delamination in a 
carbon fiber reinforced plastic (CFRP) laminated plate were experimentally 
evaluated. In addition, numerical simulations were carried out to confirm the 
obtained experimental results. 
This chapter is arranged as follows: the improved technique is described in 
detail in section 4.2 and the experimental procedure is depicted in section 4.3.1. The 
experimental and numerical investigations for various damages in aluminum plates 
and a CFRP laminated plate are reported in sections 4.3.2 and 4.3.3. Finally, some 
conclusions are drawn in section 4.4. 
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4.2 A technique based on WEF map 
As shown in Figure 4.1, the wave propagating from the laser scanning point A to 
the sensor B can be directly converted into that propagating from the sensor B to 
point A based on Betti’s reciprocal theorem [19-21]. When irradiating all grid 
points in an inspection region using LSM, these data can be collected and 
transformed. With this new data set, the sensor works as an “artificial actuator” 
and the generated waves propagate from it toward the inspection region. 
Therefore, in the present work, “sensor” can be considered as “actuator” or wave 
source point.  
 
Figure 4.1 Schematic illustration of experimental setup 
 
The present improved technique based on WEF map is innovative and has two 
advantages compared with the previous technique [19-21]. First, a simple signal 
processing algorithm can be adopted to construct the WEF map. As we all know, 
elastic wave propagation in media can be understood as an energy propagation 
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phenomenon, where the wave energy consisting of mutually interchanged elastic 
potential energy and kinetic energy is moving forward from a source point. The 
WEF map represents the distribution of a quantity, which is approximately 
equivalent to total wave strain energy density during an inspection time period 
when ultrasonic waves propagate through an inspection region. For a specified 
scanned point within the inspection region, this equivalent total wave strain energy 
density passing through this point during the inspection time period can be 
obtained by using a simple signal processing algorithm proposed in this work. 
Because the strain energy changes when waves propagate through damage or 
discontinuity, even for damages with the same maximum sizes but different 
shapes like a vertical crack-like elliptical hole (A/B=0.1) and a circular hole 
(A/B=1) shown in Figure 3.6, the detailed information about the damage, e.g., 
shape and size, can be simply evaluated from the WEF map. To construct the 
WEF map, the total wave strain energy density passing through all grid points in 
the inspection region within a sampling period should be estimated. Unlike the AE 
sensor used in [19-21], PZT sensors are employed here to collect wave signals, 
which represent the sum of two in-plane strain components, i.e., x+y. Therefore, 
it is easy to estimate a quantity related to strain energy by using the PZT sensor 
signals directly. Note that the strain energy density can be expressed as: 
(x+y)
2
(/2 + G) + G(−2xy + 
2 
xy/2) for an isotropic elastic plane problem with 
two elastic Lame constants,  and G. Therefore, the square of the PZT sensor 
signal is proportional to the first term in the above expression. Here, a quantity 
𝛾being approximately equivalent to the above strain energy density, which is 
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named as normalized strain energy density, can be estimated by using the 
following equation: 
{
𝛾 = ∑ 𝛼𝑖
2          (𝑖 = 1,2,3,⋯ , 𝑛)𝑛𝑖=1
𝑛 = 𝑇 ∆𝑇⁄
𝛼𝑖 = 𝛽(𝜀𝑥𝑖 + 𝜀𝑦𝑖)
                   (4.1) 
where T is the sampling time period when ultrasonic waves propagate through the 
inspection region, T is the sampling interval, is a proportion constant, xi is the 
strain in X direction at the ith sampling point within T, yi is the strain of Y 
direction. In experiments, the wave signal amplitude (unit: V) of a PZT sensor at 
the ith sampling point within T was used, on the assumption that it is proportional to 
the sum of the in-plane strains, i.e., xi+yi. After applying Equation (4.1) to every 
grid point in the inspection region, the WEF map, denoting the distribution of 𝛾, 
i.e., total normalized strain energy density in the inspection region where 
ultrasonic waves propagate through during T, can be constructed. Unlike [19-21], 
which only use the sensor data at a specific time point to reproduce the wave 
propagation image at this time point, 𝛾 in Equation (4.1) is the sum of the 
squares of the strain signal data during T. Generally, as the strains of elastic 
ultrasonic waves are very small, the proportional constant  in Equation (4.1) was 
taken as 1,000 in this work. 
Second, multiple PZT sensors with a suitable placement were used to avoid 
possibly missing some severe defects or erroneous recognition in damage 
detection. In the chapter 3, it was found that the intensity of the wave reflected 
from a crack is very weak when the angle between the incident wave direction and 
the crack length direction is small. This problem cannot be solved when only two 
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fixed sensors (two artificial actuators here) are used since the straight line 
connecting them may be parallel to the crack length direction. Therefore, by 
arranging three or more fixed sensors to form a network, strong interaction 
between incident waves and damage can be induced from at least one sensor, 
leading to high reliability of inspection. In this work, three sensors were placed in 
an equilateral triangle pattern around an inspection region, as shown later. In this 
case, even if the straight line connecting any two sensors is parallel to a crack 
length direction, missing of the crack can still be prevented by the third sensor. 
4.3 Experimental and numerical procedures for damage evaluation 
4.3.1 Experimental set-up 
A schematic diagram of the experimental setup is shown in Figure 4.1. The 
following main devices and components were used: a pulse laser device 
(lamp-pumped pulse YAG laser, Brilliant Ultra Stable, Big Sky Laser Tech., Inc., 
Bozeman, MT, USA), three PZT sensors (C6, diameter 10 mm, thickness 0.5 mm, 
200 kHz resonant frequency, FUJI Ceramics Co., Shizuoka, Japan), three charge 
amplifiers (DLPCA-200,FEMTO Inc., Carlisle, OH, USA), an oscilloscope 
(TDS3034B, Tektronix Inc., Tokyo, Japan) and a personal computer. Note that the 
duration of the laser pulse is 8.5 ns (120 MHz). For the present laser irradiation, due 
to the comparatively slow heating speed in the aluminum and CFRP specimens, the 
wave spectrum shows that the wave energy is mainly distributed from 50 kHz~300 
kHz depending on the specimens. 
There are the following six steps in this experiment. 
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 Step 1. Determine the size of scanning interval. The scanning 
interval should be equal to or less than the half wavelength of 
Lamb waves propagating in the inspected structure to obtain a 
satisfactory result. In the aluminum and CFRP specimens, both S0 
mode (large wavelength) and A0 mode (small wavelength) are 
generated by the pulse laser due to thermal expansion. The 
average wavelength of A0 mode within the above frequency 
domain is around 10 mm. Therefore, the inspection region was 
divided into a square grid pattern with an interval of 5 mm. This 
scanning interval is obtained from our experimental experience, 
which can yield the high-quality wave propagation images with the 
minimum scanning data. Too large scanning interval may lead to 
the low-quality wave propagation images or even discontinuous 
wave fronts. 
 Step 2. Project the pulse laser to a grid point to excite Lamb 
waves.  
 Step 3. Receive the response signals by the three PZT sensors 
which were firmly bonded on the specimen using epoxy resin 
adhesive. 
 Step 4. Import the signals into the computer through the charge 
amplifier and the oscilloscope. The length of recorded wave 
signals should be sufficiently long to ensure that these waves can 
completely pass through the inspection region. For instance, the 
velocities of S0 mode and A0 mode in the present aluminum plate 
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are about 5,000 m/s and 3,000 m/s, respectively, and they are of 
the similar, but slightly higher values in the CFRP plate. The 
dimensions of inspection region are 200×200 mm
2
 for the 
aluminum plates, and 100×100 mm
2 
for the CFRP plate. 
Therefore, the length of the recorded signals was approximately 
determined as 100 s. Band-pass filtering processing was 
conducted on the receiving data to remove experimental noises. 
 Step 5. Repeat the above Step 2–Step 4 to scan every grid point. 
 Step 6. Process the recorded signals using Equation (4.1) to 
calculate 𝛾at every grid point, and then use 𝛾of all grid points to 
construct the WEF map. Note that in the present experiments, 
there may be mode changes between A0 and S0 modes at damage 
area (e.g., non-penetrating slit in the aluminum plate or 
delamination in the CFRP plate). However, these mode changes do 
not affect the present technique because the new algorithm adds 
up the signal amplitudes at all sampling points in an entire signal 
during T no matter what wave modes are contained in this signal 
(see Equation (4.1)). 
4.3.2 Evaluation of damage in aluminum plates 
At first, an aluminum plate with an elliptical through hole (minor-axis 12 mm, 
major-axis 15 mm) as shown in Figure 4.2(a) was used to experimentally and 
numerically validate the technique of WEF map. Although the elliptical through 
hole is obviously not a real damage in practical cases, it was used here for 
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validation purpose only due to its simplicity. The thickness of the aluminum plate 
was 5 mm. The dimensions of inspection region were 200×200 mm
2
. Three PZT 
sensors were placed as shown in Figure 4.2(c). Note that, for the aluminum plate, 
the spectrum of the present experimental Lamb waves mainly ranged from 100 
kHz to 200 kHz, which were set as the lower and upper limits of signal band-pass 
filtering processing. Numerical simulations based on the pseudospectral Mindlin 
plate element proposed in the chapter 2 were also carried out to simulate wave 
propagation. Lamb waves were excited by applying the same wave signal as that 
generated by the pulse laser in the experiment to a PZT actuator. The 
computational time for one numerical simulation was around 4~5 h when using a 
personal computer. The length of numerical wave signals used to construct WEF 
map was also 100 s, which is the same as that used for experimental data. 
For comparison, at 70 s, the snapshots of Lamb wave propagation from the 
PZTs 1, 2 and 3 obtained by the previous technique [19-21] are presented in 
Figure 4.3. By observing the wave scattering caused by the elliptical through hole 
in visualized wave propagation images, the position of the damage can be easily 
identified. However, the shape and size of damage area cannot be evaluated. 
The experimental results obtained by the present technique based on the WEF 
map are shown in Figure 4.4. There are two points in Figures 4.4(a)–(c) which 
should be highlighted. The first one is that the normalized strain energy density 
𝛾in the hole area is very low. This is because that there is no Lamb waves 
generated when the inside region of the hole is illuminated by the pulse laser. The 
second one is that the 𝛾 in the area behind the hole decreases significantly due to 
strong reflections at the hole. The WEF maps of the three PZTs are added up as 
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shown in Figure 4.4(d). It can be found that the damage shape and area can be 
evaluated accurately compared to the real damage. For comparison, the numerical 
results of 𝛾 = ∑(𝜀𝑥 + 𝜀𝑦)
2by setting =1 in Equation (4.1) are shown in Figures 
4.5. It can be identified that the numerical simulation results have the similar 
variation trends compared to the experimental ones, which indicates the validity of 
the present technique based on the WEF map. 
 
 
 
 
 
 
 
 
 
(a)                (b)          (c) 
Figure 4.2 Aluminum plates: (a) with an elliptical through-hole; (b) with a 
non-penetrating slit; (c) position of sensors and damage. 
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(a)            (b)              (c)  
Figure 4.3 Experimental images of Lamb waves (time=70 μs) using previous 
technique [19–21] for the aluminum plate with an elliptical through-hole: (a) 
PZT-1; (b) PZT-2; (c) PZT-3 
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(a)             (b)        (c) 
 
 
 
 
 
     (d) 
Figure 4.4 Experimental images of 𝜸 distribution using the present WEF map 
technique for the aluminum plate with an elliptical through-hole: (a) PZT-1; (b) 
PZT-2; (c) PZT-3; (d) PZT-(1+2+3) 
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(a)                    (b)                    (c) 
Figure 4.5 Numerical result images of 𝜸 distribution using the present WEF map 
technique for the aluminum plate with an elliptical through-hole: (a) PZT-1; (b) 
PZT-2; (c) PZT-3 
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Next, an aluminum plate with a non-penetrating slit (length: 20 mm, width: 2 
mm and depth: 2.5 mm) as shown in Figure 4.2(b) was used to experimentally 
validate the present WEF map technique. Similar to the case of the through hole, 
the surface non-penetrating slit was used as damage due to its simplicity. The 
thickness of the aluminum plate was 5 mm. The dimensions of inspection region 
were 200×200 mm
2
. The laser scanning both on the side with the slit and the 
opposite side was carried out. Firstly, for the side with the slit, the experimental 
results are shown in Figure 4.6. The decrease of the normalized strain energy 
density 𝛾 in the slit area and that behind the slit caused by the reflection of waves 
can be clearly observed. Figure 4.6(d) shows the sum of 𝛾using the three PZTs. 
It can be found that the experimentally evaluated damage (black dashed line) 
agrees with the real one well in shape and size. Note that the scanning points 
located in the slit region were also irradiated by the pulse laser. 
For the opposite side of the slit, it is useful to imitate some internal damages, 
such as an internal surface corrosion pit in a pipe because an inspector cannot find 
it from the inspected side using naked eyes. In this case, a similar result was 
obtained as shown in Figure 4.7. However, unlike Figure 4.6(d), the normalized 
strain energy density 𝛾 in the slit area in Figure 4.7 is higher than those in the 
neighboring regions of the slit. The reason may be from the following two aspects. 
The first one is that, when waves pass through the slit, there should be no obvious 
reflections in the slit region since the irradiated surface is of no discontinuity. The 
second one is that, when waves pass through the slit, there should be some strain 
concentrations or higher strains in the slit region with the smaller thickness. 
Moreover, there are some misrecognized regions near plate boundaries in Figures 
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4.6 and 4.7, which should be caused by the strong reflections from the boundaries, 
i.e., boundary effects, or the superposition of the reflections from the slit and those 
from the boundaries (e.g., the region near the bottom of the inspected area in Figure 
4.7). 
Finally, although satisfactory results are obtained in the present example 
when the slit is located on a grid line, it should be further justified in the future 
research that the relative position between grid (excitation) points and a damage 
would affect the results or not, that is, if the slit is not located on the grid points, 
the results would change or not. 
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(d) 
 
Figure 4.6 Experimental images of 𝜸 distribution for the aluminum plate with a 
non-penetrating slit (irradiated side with slit): (a) PZT-1; (b) PZT-2; (c) PZT-3; (d) 
PZT-(1+2+3) 
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Figure 4.7 Experimental images of 𝜸 distribution for the aluminum plate with a 
non-penetrating slit (irradiated side without slit, result of PZT-(1+2+3)) 
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4.3.3 Evaluation of delamination in a CFRP laminated plate 
A 32-layer quasi-isotropic CFRP laminated plate with a stacking configuration of 
[(45/0°/−45/90)4]s as shown in Figure 4.8(a) was used to experimentally 
validate the present WEF map technique. The thickness of the CFRP laminated 
plate was 4.8 mm. For CFRP laminated plates, invisible internal delamination is 
one of the most dangerous damage patterns since it can significantly reduce the 
compressive strength of CFRP [22, 23]. In this work, invisible internal 
delamination was induced by performing a low-velocity impact test using a 
Dynatup 9250HD weight-drop impact test machine (Instron Inc., Norwood, MA, 
USA). The center of the plate was impacted by an impacting body of a lower 
semi-spherical shape, the mass of 4.6 kg and impact energy of 7.0 J. 
For reference, Figure 4.9 demonstrates the images of the invisible internal 
delamination using traditional ultrasonic C-scan by putting the test specimen in 
water. The scanning was performed from the two sides of the specimen using the 
scanning interval of 0.5 mm. Figures 4.9(a) and (b) show that the delamination 
size in the opposite side of impact is slightly larger than that of the impacted side. 
The maximum diameter of the delamination is around 20.5 mm. 
As shown in Figure 4.8(b), the impacted side of the CFRP laminated plate 
was inspected here with three PZT sensors attached, and the inspection region was 
100×100 mm
2
. For the CFRP plate, the lower and upper limits of the band-pass 
filtering in frequency domain were set as 50 kHz and 300 kHz. For comparison, 
the snapshots of Lamb wave propagation from the PZTs 1, 2 and 3, obtained by 
the previous technique [19-21], are presented in Figure 4.10. The delamination 
cannot be easily identified since the wave scattering at the delamination is weak 
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when using the present scanning grid interval of 5 mm. However, some 
researchers [19-21] have reported that the wave scattering in a delamination 
region could be observed by using the scanning grid interval of 1 mm. 
 
 
 
 
 
 
 
 
 
(a)                        (b) 
Figure 4.8 Test specimen of a CFRP laminated plate: (a) delamination damage; (b) 
position of sensors and damage 
 
 
 
 
 
(a)                       (b) 
Figure 4.9 Images of delamination using traditional ultrasonic C-scan: (a) impacted 
side; (b) opposite side of impact 
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(a)                         (b) 
 
 
 
 
 
(c) 
Figure 4.10 Experimental images of Lamb waves for CFRP laminate with 
delamination (time=40 μs, 60 μs) using the previous technique [15–17]: (a) PZT-1; 
(b) PZT-2; (c) PZT-3 
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Figure 4.11 Experimental images of 𝜸 distribution using the present WEF map 
technique: (a) PZT-1; (b) PZT-2; (c) PZT-3; (d) PZT-(1+2+3) 
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Figure 4.11 shows the results obtained by the present WEF map technique. We 
can find that the 𝛾in Figure 4.11(a)–(c) decreases after waves pass through the 
delamination area. However, compared to the previous results of the aluminum 
plates in Figures 4.4 and 4.6, this decrease is not so obvious. The reason may be 
that the incident waves can pass through the internal delamination more easily due 
to no surface discontinuity. Therefore, the reflected waves are relatively weaker, 
and consequently the influence of the delamination on the transmitted waves is 
small. Figure 4.11(d) shows the sum of the 𝛾of the three PZTs. Unlike that in 
Figures 4.4 and 4.6, the 𝛾increases in the delamination area in Figure 4.11(d). 
The following two reasons may result in this phenomenon. One is that 
delamination generally leads to the bending stiffness reduction in the delamination 
area, and consequently bending strain in the delamination area should be larger 
compared to that of intact area. The other is that there may be many small 
transverse matrix cracks in the low-velocity impact-induced delamination region 
[24], leading to high strain concentration. Moreover, from Figure 4.11(d), we can 
see that the position of the delamination can be identified accurately, but the 
evaluated delamination area (marked by a white dashed line) is slightly smaller 
than that obtained by the conventional ultrasonic C-scan. Compared to the interval 
of 0.5 mm used in the conventional ultrasonic scanning method, the present 5 mm 
grid interval may lead to the lower accuracy of damage evaluation. 
In Figure 4.11(d), there are some areas of high 𝛾, especially at the bottom 
of the inspection region, which may result in false recognition. This phenomenon 
may be due to the material anisotropy of CFRP as discussed below. First, the 
maximum values of 𝛾 shown in Figures 4.11(a)–(c) are quite different. As shown 
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in Figure 4.12, due to a much lower thermal expansion coefficient in the fiber 
direction, it was found that when an angle between the direction of wave 
propagation and the surface fiber orientation is closer to 0, the initial amplitude 
of the waves becomes smaller when using the laser irradiation to generate Lamb 
waves [5]. In contrast, when the angle is closer to 90, the initial amplitude of the 
waves becomes larger. 
Therefore, by observing Figure 4.11(a), the maximum value of 𝛾is much 
lower than those in Figures 4.11(b) and (c). In this case, the angle between the 
direction of wave propagation and the surface fiber orientation is very small. On 
the other hand, the maximum values of 𝛾 in Figures 4.11(b) and (c) are very high 
since the wave propagates almost vertically to the surface fiber direction, which 
cause the unreal damage areas located on the left and bottom boundaries of the 
inspection region. Second, the square operation of α
2 
i  in Equation (4.1) further 
amplifies the influence of material anisotropy. 
To weaken this anisotropy influence, the sum of absolute value of the wave 
signals rather than the sum of squares in Equation (4.1) was used to construct the 
WEF map. The improved WEF map is shown in Figure 4.13. It can be seen that 
the unreal damages at the boundaries are removed and the evaluated damage area 
is slightly larger and more accurate than that in Figure 4.11(d). 
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Figure 4.12 Amplitude of Lamb waves versus propagation distance (5 mm 
increment) and propagation direction (30° increment) in a CFRP plate: (a) 
relationship between distance of propagation and amplitude (fitted by least 
squares method of a linear relationship); (b) experimental model of the 
measurement 
 
 
 
 
 
 
 
Figure 4.13 Damage image using absolute value of sensor signals in a CFRP plate 
with delamination 
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4.4 Conclusion 
Based on the concept of WEF map, an improved technique incorporating LSM 
and Betti’s reciprocal theorem was developed to evaluate the shape and size of 
damage, as well as to visualize wave propagation. In this technique, a simple 
signal processing algorithm was proposed to construct the WEF map, and multiple 
PZT sensors were employed to improve inspection reliability and to reduce cost. 
Two kinds of damages in aluminum plates and invisible internal delamination in a 
CFRP laminated plate were used to experimentally validate the proposed 
technique. In addition, numerical simulations were carried out to confirm the 
experimental results. The conclusions are summarized as follows: 
(1) The damage position in both aluminum and CFRP laminated plates 
can be accurately identified by the present improved technique based 
on the WEF map. 
(2) For aluminum plates with an elliptical through hole or a 
non-penetrating slit, the damage shape and size can be evaluated with 
comparatively high accuracy. For the CFRP laminated plate with 
internal delamination, the evaluated delamination area is slightly 
smaller than the real one. Moreover, it is important to weaken the 
effect of material anisotropy to improve the quality of delamination 
image. 
(3) There are still some weaknesses in the present technique, leading to 
instances of inspection uncertainty or misrecognition. Because the 
present technique is based on the information of strain within a selected 
time period, besides damages, a lot of other factors can cause the 
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variation of strain, e.g., scattering, propagation distance, boundary 
effects, stiffeners in complex structures, etc.. For instance, wave 
scattering in various directions due to localized non-uniformities in 
medium may influence the identification accuracy of damage size and 
shape, strong boundary reflections may lead to some misrecognized 
regions, and stiffeners with perfect bonding to host structures may also 
cause the variation of strain value.  
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Chapter 5 
Development of a real-time technique for monitoring local 
plasticity using Ultrasonic Lamb waves 
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5.1 Introduction 
As stated previously, SHM plays an increasingly important role in guarantee of 
structural safety in recent years [1-5]. To date, the majority of the research on 
SHM has been focused on detecting pre-existing visible or relatively large-sized 
damages, such as cracks [6-8], holes [9, 10], delamination [11-13], etc. On the 
other hand, the detection of plastic deformation in the early stage of damage is of 
paramount importance in engineering application of SHM, as the finally resulted 
fracture accompanied by crack propagation could lead to serious consequences. 
For instance, for most of metallic structural components subjected to cyclic loads, 
fatigue failure scenario usually consists of a crack initiation period and a crack 
growth period [14, 15]. The crack initiation period is supposed to include the 
formation and growth of some micro-cracks which are still too small to be visible. 
In the subsequent crack growth period, the micro-cracks merge together gradually 
to form the main short fatigue cracks which grow comparatively quickly until the 
complete failure. 
Many microscopic investigations have shown that the initiation of invisible 
micro-cracks generally occurs very early in the fatigue life. The formation of the 
micro-cracks may be resulted by different reasons. For instance, at a fatigue cyclic 
stress lower than the yield strength, surface grains of materials are less 
constrained by neighboring grains and therefore easy to slip. As a consequence, 
micro-plasticity preferably occurs in grains at the material surface even at a lower 
stress, which finally leads to the formation of micro-cracks [16]. Also, the stress 
higher than yield strength resulted by stress concentration may appear in many 
structural components because of various reasons, such as the discontinuity of 
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materials, geometric irregularity, etc. This will result in local plastic deformation 
and consequent occurrence of micro-cracks. 
Local plastic zone is considered as a dangerous position of structures, which 
makes its detection in earlier stage crucial for evaluating the residual life of the 
structures and preventing possible disasters. At present, there are few methods for 
detecting the local plasticity, such as chemical corrosion method [17], electronic 
speckle pattern interferometry [18, 19], electron backscatter diffraction [20, 21]. 
However, those methods are limited to specific materials and require 
pre-treatment for specimens. Furthermore, the literatures [22, 23] reported that 
nonlinear Rayleigh surface waves and nonlinear ultrasonic bulk waves were 
applied to the detection of material nonlinearity as an indicator of plasticity-driven 
damage, and the nonlinear parameters accumulated with wave propagating 
distance significantly increased when a plate-type intact specimen was under an 
increasing tensile stress above the yield stress or fatigued with increasing number 
of cyclic loading. These inspiring results were obtained for a very large plastic 
area in the specimen, and the sensitivity of the nonlinear parameters for the local 
plastic deformation needs further investigations. In addition, the nonlinear wave 
generation technique is very complex, which requires specific instrumentation, 
and especially, adjustment of excitation frequency for nonlinear Lamb waves. All 
of these points make the nonlinear wave techniques difficult to field inspection 
applications at the present stage. 
Therefore, the effort on detecting local plasticity in the early stage of damage 
or some invisible defects is far from enough. This present work has put forward a 
real-time monitoring technique for local plasticity using linear Lamb waves, 
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especially fundamental Lamb modes (S0 and A0 modes). This technique is based 
on a hypothesis: supposing that the interaction of Lamb waves with a plastic zone 
is different from that of Lamb waves with an elastic zone. By investigating the 
characteristics of S0 and A0 modes propagating in an aluminum plate with a 
circular hole under axial tensile loading, the appearance of local plasticity around 
the hole can be monitored. In section 5.2, pre-requisite experiments were done to 
investigate the yielding property of the test specimen and select suitable sensors 
used in experiments. In section 5.3, an experimental scheme based on a 
directional actuator/sensor set was designed to demonstrate how the local 
plasticity could be detected using Lamb waves. Section 5.4 explained the signal 
processing methods and presented the experimental results. The experimental data 
were processed using a pulse compression technique for easily distinguishing the 
wave signals of S0 and A0 modes. The changes of wave amplitude with the 
increase of stress for both S0 and A0 modes were presented to monitor the 
appearance of the plasticity. Moreover, the obtained wave signals at different 
stress levels were further analyzed through wavelet analysis by virtue of a signal 
index 𝐼, whose variations caused by plastic deformation were more obvious. In 
section 5.5, a series of numerical stress simulations of tensile test were conducted 
using the finite element analysis (FEA) to further understand the experimental 
results. Finally, some conclusions were drawn in section 5.6. 
5.2 Pre-requisite experiments 
A thin plate specimen with a circular hole, made from A5052 aluminum with 
material properties listed in Table 5.1, was used. The dimensions and geometries 
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of the specimen are shown in Figure 5.1.  
5.2.1 Measurement of stress-strain curve 
As a pre-requisite, the yielding property of the specimen should be clarified. By 
using an Instron universal testing machine (Instron 5982, Instron Co.), a 
preliminary tensile test of the specimen was performed. A strain gauge was 
attached on the specimen at the position of 5 mm away from the hole (see Figure 
5.1) to measure the strain. For reference, another intact plate specimen with the 
same size but without a hole was also tested. The obtained nominal stress-nominal 
strain curves are shown in Figure 5.2. The yield strength is defined at the stress 
level corresponding to the intersection of the stress-strain curve with a line 
parallel to the elastic slope of the curve with an offset of 0.2% strain. It can be 
seen from Figure 5.2 that the yield strength is 155 MPa for the specimen with a 
hole and plasticity occurs in the position attached by the strain gauge. On the 
other hand, at the same stress level, the same position in the intact specimen is 
still in elastic state. Such distinctive difference of these two specimens can be 
attributed to the high stress concentration around the hole. 
 
Table 5.1 Material properties of A5052 aluminum 
Density 
Young’s 
modulus 
Poisson’s 
ratio 
Yield 
strength 
Tensile 
strength 
2710 
[kg/m
3
] 
68.9 [GPa] 0.3 210 [MPa] 260 [MPa] 
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Figure 5.1 Schematic view of experimental specimen 
 
 
Figure 5.2 Nominal stress-nominal strain curves 
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5.2.2 Employment of clay and directional actuator/sensor set 
For the plate specimen with small sizes as shown in Figure 5.1, during 
propagation, Lamb waves will reflect from the four edges of the specimen within 
a short time. It can be predicted that these reflections will be mixed with the target 
wave signals, which increases the complexity of wave signal analysis. To reduce 
the reflections from boundaries, we employed two methods. First, we laid fat clay 
of the thickness of 5 mm on the two sides of the plate (see Figure 5.1, front and 
back surfaces of the plate). It is well-known that acoustic impedance of the fat 
clay is much closer to that of the aluminum compared to air, thus the reflections 
from the two side boundaries might be decreased. The experimental data 
demonstrated that the fat clay can effectively reduce the reflection intensity from 
the two sides of the plate. Second, a directional actuator/sensor set was designed 
to concentrate wave energy in wave propagation direction as much as possible. As 
well-known, a circular-type PZT actuator or sensor can generate or receive waves 
uniformly in all directions, which is not suitable for the present plate specimen 
with small sizes. Therefore, rectangular-type PZTs were employed in the present 
research. 
Two verification experiments were conducted to study the directionality of 
rectangular-type PZTs. The experiment as shown in Figure 5.3 was performed to 
investigate the characteristics of generated S0 and A0 modes in different directions 
and different distances, when a rectangular-type PZT (width 10 mm, thickness 0.5 
mm, length 4 mm, FUJI Ceramics Co.) with around 200 kHz resonant frequency 
was used as actuator and an acoustic emission (AE) sensor (AE-930N, Electronic 
Instrument Co.) was used. Moreover, in this research, the chirp burst wave was 
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chosen as the input signal on the actuator, which can be described as follows: 
        (5.1) 
where t is time in second, f is the central frequency, and B is the frequency sweep 
width. In this experiment, f0 =400 kHz, B=f0/2 kHz, T=(1/f0)×5000 sec. Figure 
5.4 shows the waveform in time domain and the frequency spectrum of the input 
signal. From it, we can see that the incident wave is a broad-band signal in 
frequency domain from 0 to 800 kHz. By virtue of dispersion curves of group 
velocity for an aluminum plate shown in Figure 5.5, it can be predicted that only 
S0 and A0 modes can be generated in the thin plate specimen. 
 
 
 
Figure 5.3 Schematic view of experiment (rectangular-type PZT used as actuator) 
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Figure 5.4 Input signal: (a) waveform in time domain; (b) FFT spectrum 
 
Figure 5.5 Dispersion curves of group velocity for an aluminum plate 
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(a)  
 
(b)  
Figure 5.6 Amplitudes of generated Lamb waves in different directions: (a) S0 
mode; (b) A0 mode 
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The amplitudes of S0 and A0 modes generated by the rectangular-type PZT 
actuator in different directions were compared in Figure 5.6, and the result of a 
circular PZT actuator (diameter10 mm, thickness 0.5 mm, FUJI Ceramics Co.) at 
0
o
 direction was also plotted (see Figure 5.6, “Normal”). It can be seen from 
Figures 5.6(a) and 5.6(b) that the amplitudes of both S0 and A0 mode at 0
o
 
direction are much larger than those of other directions using the rectangular-type 
PZT actuator and the circular-type PZT actuator in 0
o
 direction. It implies that the 
rectangular-type PZT actuator can effectively concentrate the wave energy in the 
wave propagation direction, and reduce those wave energies in other directions, 
leading to the weak reflections of boundaries. 
 
 
 
 
Figure 5.7 Schematic view of experiment (rectangular-type PZT used as sensor) 
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(a)  
 
(b)  
Figure 5.8 Amplitudes of received Lamb waves in different directions: (a) S0 
mode; (b) A0 mode 
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When a rectangular-type PZT was used as sensor, and pulse laser irradiation 
was used as actuator, another experiment as shown in Figure 5.7 was carried out 
to investigate the sensor sensitivity when receiving S0 and A0 modes in different 
directions and different distances. The amplitudes of S0 and A0 modes received by 
the rectangular-type PZT sensor in different directions were compared in Figure 
5.8. It can be seen that the rectangular-type PZT is much more sensitive to S0 and 
A0 Lamb waves at 0
o
 direction than other directions. Therefore, it can mainly 
receive the wave energy in the wave propagation direction, and effectively avoid 
the mixing of other unnecessary reflections from boundaries. In the present study, 
a directional actuator/sensor set (see Figure 5.1) made from rectangular-type PZTs 
was employed. 
5.3 Description of experimental scheme 
Based on the above results, an experimental scheme was designed to monitor the 
change of wave signals during the tensile test, especially at the transition stage 
from elastic state to plastic state. The corresponding specimen and experimental 
setup are schematically shown in Figures 5.1 and 5.9. A thin aluminum plate 
specimen with a circular hole was gradually stretched to the nominal stress of 190 
MPa, which was much higher than the previously measured yield stress, i.e., 155 
MPa. At the same time, for every stress increment of 1/3 MPa, Lamb waves were 
generated and received using the directional PZT actuator/sensor set bonded on 
the surfaces of the specimen (see Figure 5.1). The wave signals propagating along 
the straight path between the actuator and the sensor (see Figure 5.9) were 
recorded corresponding to different stress levels. 
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Figure 5.9 Experimental setup 
 
Because of the narrow width of specimen, the target waves might be easily 
mixed with the reflections from the specimen boundaries, leading to more difficult 
analysis of wave signals. For this reason, the previously stated fat clay and 
directional actuator/sensor set with rectangular-type PZTs (see Figure 5.1), were 
used to increase wave intensity along the straight path between actuator and 
sensor and suppress the wave intensities from other directions. 
5.4 Experimental results 
Figure 5.10(a) illustrates the original waveforms at different stress levels obtained 
by the sensor during the tensile test. The first wave packet is S0 mode and the 
second wave packet is A0 mode. It can be seen that the two wave packets are 
slightly overlapped and the difference of those wave signals at different tensile 
loads are very small. To separate the S0 and A0 wave packets and amplify the 
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difference of the wave signals at different stress levels, a pulse compression 
technique was used. It can be expressed in the following equation: 
 dtrefRtC )()()(                             (5.2) 
where )(tR  is a received signal and )(tref  is a reference signal. The obtained 
pulse compression signal )(tC  expresses the cross-correlation of the received 
signal with a reference signal as shown in Figure 5.11. In general, the excitation 
signal (i.e., the chirp burst wave in this work) is used as the reference signal. This 
signal processing technique can compress the pulse width in time domain and 
increase the signal intensity. Figure 5.10(b) demonstrates the wave signals 
processed by the pulse compression technique at different stress levels. It can be 
seen that the S0 and A0 modes are separated clearly and the difference of wave 
signals at different stress levels becomes more obvious. Thus, the reported results 
in the following are based on the processed wave signals by this pulse 
compression technique. In this case, the meaning of the signal amplitude is 
different from that of a common PZT sensor signal in the unit of voltage. 
Firstly, the amplitude change of S0 and A0 modes with the increase of stress 
level in the specimen was investigated. Figure 5.12 shows the amplitude variation 
of S0 mode. The amplitude of S0 mode increases slightly with the increase of the 
tensile load in elastic deformation. However, at around 130 MPa, it starts to 
decrease. At 155 MPa, it increases remarkably again. For the case of A0 mode in 
Figure 5.13, unlike that of S0 wave mode, the amplitude of A0 mode decreases as 
the tensile load increases in elastic state. This decrease stops at around 130 MPa, 
corresponding to the lowest amplitude. Then, the amplitude starts to increase 
slowly, and grows rapidly when the stress level in the specimen reaches 155 MPa. 
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Note that, prior to 155 MPa, the variations of the wave amplitudes of both S0 and 
A0 modes in Figures 5.12 and 5.13 are very small. 
Secondly, the difference of Lamb wave signals related to different loads was 
evaluated using wavelet analysis. Note that the intact wave signals containing 
both S0 and A0 wave packets were processed. In wavelet analysis, as shown in 
Figure 5.14, a signal can be divided into an approximate primary subset (low 
frequency information, A1) and a detailed subset (high frequency information, 
D1). A1 can then be further divided into a second-level approximate primary 
subset (A2) and its detailed subset (D2), and this process can be repeated. In this 
work, Daubechies wavelet (db10) was used as the mother wavelet. The 
decomposition level is 3 and the wave signals were decomposed into 4 subsets 
(A3+D3+D2+D1) in different frequency bands. A signal index I was defined as 
follows to evaluate the change of wave signals during the tensile test 
 
 
 

n
bnb
n
bnbin
i
Xw
XwXw
I
2
2
);(
);();(
)(

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            (5.3) 
where X is one of the decomposed subsets (A3, D3, D2, D1), n is the number of 
sampling data, w is the nth number of the decomposed parameter X of subset at 
the stress 𝜎𝑖, and 𝑤𝑏(𝑋𝑛; 𝜎𝑏) is the corresponding baseline signal recorded at the 
stress level of 𝜎𝑏. Here, the wave signal obtained in the unloaded specimen was 
used as the baseline signal, i.e., 𝜎𝑏 = 0. The signal index I of Lame waves was 
calculated and shown in Figure 5.15. It can be seen that the 𝐼 corresponding to 
the A3, D3 and D2 subsets present some meaningful and interesting variations, 
but the 𝐼 corresponding to the D1 subset are very scattered around a value of 1.35, 
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which is meaningless and may be caused by noises. In Figure 5.15, all 
𝐼 corresponding to the A3, D3 and D2 subsets increase with the stress level, and a 
sudden increase appears at 160 MPa for the D3 and D2 subsets, while the 
appearance of a sudden increase in the I of the A3 subset is at 170 MPa (Figure 
5.15(a)). In this case, we can also find that the increasing rate of 𝐼 increases 
remarkably from 160 MPa. 
 
 
 
Figure 5.10 Wave signals: (a) original wave signals at different stress levels; (b) 
wave signals processed by pulse compression technique at different stress levels 
 
 
 
 
 
Chapter 5 
 
130 
 
 
Figure 5.11 Pulse compression technique 
 
 
 
Figure 5.12 Amplitude change of S0 Lamb mode with the increase of stress level 
in the specimen 
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Figure 5.13 Amplitude change of A0 Lamb mode with the increase of stress level 
in the specimen 
 
 
 
 
 
 
 
 
 
Figure 5.14 Wavelet analysis of signals 
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Figure 5.15 Signal index 𝑰 related to different stress levels: (a) A3; (b) D1; (c) 
D2; (d) D3 
5.5 Discussion 
To further understand the above experimental results, a series of numerical 
simulations were conducted to explore the plasticity evolution around the hole 
during tensile test by using a commercial FEA software, ABAQUS. Here, a 2D 
model of a rectangular plate with a circular hole under stretching in plane stress 
was built up, and its sizes and material parameters are the same with those in the 
experiment. 
The evolution of plastic zone around the hole at the stress levels from 75 
MPa to 180 MPa is shown in Figure 5.16. The plastic zone is represented by dark 
grey color. When the stress in the specimen reaches 75 MPa, two small plastic 
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zones initially appear at both sides of the hole (Figure 5.16(a)). With the increase 
of the applied stress, they gradually become larger (Figure 5.16(b)). Figure 5.16(c) 
shows the plastic state when the stress is up to 155 MPa. At this stage, the position 
of the strain gauge goes into plastic state. As the applied stress continues 
increasing, plastic zones extend towards to the direction at the angle of ±45o 
(Figures 5.16(d) and 5.16(e)) due to shear banding, and the size of plastic zones 
grows rapidly when the stress increases from 170 MPa to 180 MPa (Figure 
5.16(f)). 
For convenience of discussion, the above process can be categorized into 
three stress stages: (1) 0 MPa～130 MPa, (2) 130 MPa～155 MPa, (3) 155 MPa
～180 MPa. 
 
 
Figure 5. 16 Evolution of plastic zone during loading process: (a) 75 MPa; (b) 120 
MPa; (c) 155 MPa; (d) 160 MPa; (e) 170 MPa; (f) 180 MPa 
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5.5.1 0 MPa～130 MPa 
At this stage, the amplitude variation tendency of S0 wave mode is opposite to that 
of A0 mode (see Figures 5.12 and 5.13). For a particle-spring model as shown in 
Figure 5.17, it is well-known that, in S0 wave mode, particles vibrate along the 
wave propagation direction, meanwhile, in A0 wave mode, particles vibrate along 
the normal direction or plate thickness direction. Since the applied axial stress 
direction in the specimen is the same with that of particle movement in S0 wave 
mode, this may promote the propagation of S0 wave mode and amplify its 
amplitude (see Figure 5.12). On the other hand, since the applied axial stress is 
vertical to the particle movement direction in A0 wave mode, the propagation of 
A0 wave mode may be restrained by the axial stress (see Figure 5.13). This is just 
similar to the case where the transverse vibration amplitude of a spring can be 
suppressed by stretching the spring. In addition, the linear increase of 
the𝐼corresponding to the A3, D3 and D2 subsets also clearly indicates that the 
influence of the increase of stress levels on Lamb wave propagation is stable. 
 
 
Figure 5.17 Lamb wave propagation model (one dimension) 
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From numerical results in Figure 5.16, we can see that the plasticity occurs 
initially when the stress is up to 75 MPa. However, at this stress level or even up 
to 130 MPa, we cannot identify any obvious change in either amplitude or 𝐼, 
which means that linear Lamb waves (S0 and A0 wave modes) are insensitive to 
the initial plastic deformation. At this stage, the plastic zone is too small to affect 
the wave propagation (Figures 5.16(a) and 5.16(b)). 
5.5.2 130 MPa～155 MPa 
At this stage, unlike the previous stress stage, the amplitude of S0 wave mode 
decreases gradually (see Figure 5.12), while the amplitude of A0 wave mode 
increases (see Figure 5.13). These changes may be due to the softening caused by 
plasticity evolution. At end of this stage (i.e., 155 MPa), the plastic zone extends 
to the position of 5 mm away from the hole as shown in Figure 5.1 and Figure 
5.16(c). Although the plastic zone is still small, it already starts to influence the 
amplitude of wave signals, which means the plasticity can be firstly discovered by 
the amplitude change of wave signals. However, the change tendency of 𝐼 is not 
obvious at this stage (see Figure 5.15). Therefore, the change of wave amplitude is 
more sensitive to mild plastic deformation than that of 𝐼. 
5.5.3 155 MPa～180 MPa 
At the starting point of this stage, i.e., 155 MPa, both wave amplitudes of S0 and 
A0 modes increase remarkably (see Figures 5.12 and 5.13), implying the 
significant softening of material or springs in Figure 5.17 caused by severe 
plasticity. However, the absolute increases of the wave amplitudes are small by 
observing the values on the longitudinal axe of Figures 5.12 and 5.13. Moreover, 
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the sudden increases of 𝐼 for theD3 and D2 subsets at 160 MPa can be identified 
from Figures 5.15(c) and 5.15(d), which are caused by the extension of plastic 
zone. At the same stress level, the increasing rate of 𝐼 corresponding to the A3 
subset begins to increase slightly in Figure 5.15(a). Therefore, the detailed subsets 
(i.e., D3 and D2) are more sensitive to plasticity than the approximate primary 
subset (i.e., A3 subset). As the load keeps on going, a sudden increase of the 𝐼 for 
the A3 subset also appears at 170 MPa. Besides, the amplitudes of both S0 and A0 
wave modes in Figures 5.12 and 5.13 increase more rapidly from 170 MPa. This 
phenomenon may be caused by the geometry change of the hole in severe 
plasticity. In this case, because the circular profile of the hole changes into elliptic 
one with its major axis parallel to the wave propagation direction, the waves can 
transmit through the hole area more easily. Moreover, compared with the absolute 
changes of wave amplitudes in Figures 5.12 and 5.13, the absolute changes of 𝐼 
are much higher in Figure 5.15, indicating that I is more suitable for monitoring 
the severe plasticity. 
5.6 Conclusion 
In this chapter, we developed a real-time monitoring technique for local plasticity 
using Ultrasonic Lamb waves. To verify the effectiveness of the proposed 
technique, tensile test of a thin plate specimen with a circular hole was conducted. 
Stress concentration was generated around the hole, leading to local plasticity. 
Two rectangular-type commercial PZTs attached on the specimen were used as a 
directional actuator/sensor set to collect strong and clear wave signals during the 
tensile test. The path between the actuator and the sensor was chosen to monitor 
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the appearance of the local plasticity. Wave signals corresponding to different 
tensile stress were processed using a pulse compression technique. The amplitude 
changes of S0 and A0 wave modes with the increase of the tensile stress in the 
specimen were investigated, and a signal index I based on wavelet analysis was 
defined to study the difference of Lamb wave signals caused by plasticity. To 
further understand the experimental results, a series of FEA numerical simulations 
of the tensile test were conducted to explore the plasticity evolution process 
around the hole. Based on the experimental and numerical results, it can be found 
that both S0 and A0 wave modes are insensitive to the appearance of initial 
plasticity. As the plastic zone gradually extends larger, the amplitudes of S0 and 
A0 wave modes show their different change tendencies compared with those in 
elastic stage. It is also found that the amplitude change is more sensitive to mild 
plasticity than the change of I, while the change of I caused by severe plasticity is 
more obvious than the amplitude change. Therefore, the proposed technique can 
effectively monitor the evolution of plasticity. 
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Summary and Future work 
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6.1 Summary of the thesis study 
In this dissertation, we develop some new damage identification approaches for 
ultrasonic Lamb wave-based SHM and NDE of engineering structures. Besides, a 
pseudospectral Mindlin plate element is built up to simulate wave propagation in 
plate-like structures, and an aluminum plate with through-thickness 
elliptically-shaped damage is employed to study the physical mechanisms behind 
wave propagation and wave interaction with damage. 
The conclusions from different chapters are summarized as follows: 
1. Chebyshev polynomials are used to construct a pseudospectral Mindlin 
plate element. Chebyshev-Gauss-Lobatto points are used as the grid 
points and the quadrature points of the elemental mass matrix and 
stiffness matrix. A lumped elemental mass matrix is generated due to the 
discrete orthogonality of Chebyshev polynomials and overlapping of the 
quadrature points with the grid points. To verify the effectiveness and 
high accuracy of the new plate element, wave propagation problems in a 
long aluminum beam and an aluminum plate with a hole are solved using 
the present element and the commercial ABAQUS software or 
experiments respectively. The results show that the new plate element 
can yields very good results compared with those of ABAQUS and 
experiments. 
2. The influences of Lamb wave dispersion, excitation frequency in wave 
signals, the shape of damage, and incident angle of Lamb wave on the 
relative reflection intensity (RRI) from through-thickness 
elliptically-shaped damages in an aluminum plate are studied. The results 
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present that: a) Lamb wave dispersion has no obvious effect on RRI; b) 
RRI differs with the different of the shape of damage. It is implied that 
the reflected wave from damage includes some information on the shape 
of damage. For the same damage, a higher RRI can be generated when 
the direction of Lamb wave propagation is perpendicular to the long or 
major axis direction of the elliptical hole; c) there exist one or multiple 
optimal excitation frequencies (OEF) for a damage to induce the 
strongest RRI. This phenomenon may be caused by the resonance at the 
local damaged region. This result can be helpful to design input wave 
signals; d) the highest RRI decreases and becomes more insensitive to the 
excitation frequency with the increase of the incident angle of Lamb 
wave. This result can be helpful to design actuator/sensor placements. 
3. A structural damage imaging approach is developed to locate damage as 
well as evaluate the shape and size of damage. In this approach, a new 
wave energy flow (WEF) map concept is proposed and a simple signal 
processing algorithm is employed to construct the WEF map, and 
multiple lead zirconate titanate (PZT) sensors are employed to avoid 
possibly missing some severe defects or erroneous recognition in damage 
detection. Two aluminum plates with an elliptical through-hole or a 
non-penetrating slit and a CFRP laminated plate with invisible internal 
delamination are used to experimentally validate the proposed technique. 
The results show that: a) for aluminum plates with an elliptical through 
hole or a non-penetrating slit, the position as well as the shape and size of 
the hole are pictured by the WEF map; b) for the CFRP laminated plate 
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with internal delamination, the position is accurately identified but the 
evaluated delamination area is slightly smaller than the real one. The 
deviation on the size of delamination is due to the material anisotropy of 
CFRP. 
4. A real-time monitoring technique for local plasticity using ultrasonic 
Lamb waves is developed. To verify the effectiveness of the proposed 
technique, an experiment on performing tensile test and 
generation/collection of Lamb waves simultaneously is designed. A thin 
aluminum plate with a circular hole is used in experiment to induce high 
stress concentration around the hole. Two rectangular-type PZTs attached 
on the specimen are placed to make the path between them through the 
area of stress concentration. The changes of the amplitude of S0 and A0 
wave modes and a signal index I based on wavelet analysis with the 
increase of the tensile stress in the plate are investigated. A series of 
numerical stress analysis of the tensile plate are conducted to helpful 
interpret the changes. The results show that: a) at the stage of elastic 
deformation, the amplitude variation tendency of S0 wave mode is 
opposite to that of A0 mode, that is, the amplitude of S0 wave mode 
increases while the amplitude of A0 wave mode decrease with the 
increase of the stress in the plate; b) both S0 and A0 wave modes are 
insensitive to the appearance of initial plasticity; c) the amplitudes of S0 
and A0 wave modes show their different change tendencies when the 
plastic zone becomes enough large, the amplitude decreases for S0 wave 
mode while increases for A0 wave mode; d) the I increases with the 
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increase of the stress in the plate, while a sudden change emerge when 
the plastic zone becomes enough large; e) the amplitude change is more 
sensitive to mild plasticity than the change of I, while the change of I 
caused by severe plasticity is more obvious than the amplitude change. 
6.2 Further work 
The damage identification approaches developed in this dissertation are not 
perfect so far, the following remaining tasks should be undertaken as a 
continuation of the present research: 
For the structural damage imaging approach in chapter 4: 
1. In order to implement a quick damage prognosis, the scanning efficiency of 
the inspection region needs to be enhanced. An algorithm for optimization 
of the positions of the scanning points should be developed to reduce the 
number of scanning points and save the scanning time. 
2. It can be seen from Figures 4.6(d) and 4.7(d) that the damage area cannot be 
distinguished quickly and clearly from health area. Thus, an improved 
algorithm for constructing damage diagnostic image should be developed to 
enhance the difference between health area and damage area, especially for 
minor defects. 
3. It can be seen from Figures 4.11(d) and 4.13 that the quality of the damage 
diagnostic image would be affected by material anisotropy. Thus, the effect 
of material anisotropy on wave attenuation should be quantitatively 
evaluated to compensate the loss. 
4. The effectiveness of the present approach on shell structures should be 
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proven. 
5. The effectiveness of the present approach on other types of damage should 
be proven. 
6. All experiments in this dissertation are aimed at a single damage in the 
inspection region. The case of multi-damages in the inspection region 
should be considered, and the minimum distance necessary to detect two 
successive damages should be estimated. 
7. Other effects such as thermal residual stress can be considered in the 
present approach to extend its application field. For example, thermal stress 
is crucial in ship structures. Thus, the improved approach can be used for 
residual stress identification in those structures. 
For the real-time technique for monitoring local plasticity or micro-level 
damages: 
1. Only using a path of wave propagation to monitor local plasticity may be 
not enough. A sensor network can be used to achieve full-range monitoring 
for local plasticity. 
2. Other better signal processing techniques should be developed. For plastic 
zone, the change in signal waves is very small. Most current signal 
processing techniques cannot extract useful information from the signals. 
Therefore, signal processing techniques suitable for plastic zone are an 
imperative. 
3. The present work only studied the metallic aluminum. The situation on 
other types of materials should be investigated, such as composite materials. 
 
